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1. PuRposE AND SCOPE 

The purpose of th i s  report is t o  present the results of the postflight 

analysis of the Service Propulsion System (SPS) performance during the 

Apollo 9 Mission. 

'he steady-state perfo&lma.lce of the  SPS under the e n v i r o m t a l  oonditions 

of actual space flight.  

Apollo 9 Mission Report (EX-PA-R-69-2). 

The primary objective of the analysis was to  determine 

This report has been prepared as Supplement 5 to the 

Thi s report covers the additional analyses performed fol1 owing the 

issuance of Reference 2. 
4 ,  

The following items are the major additions t o  the resul ts  reported 

in Reference 2.  

1 )  The steady-state performance as determined fro# analysis o f  the 

second and third SPS burns i s  presented. 

2)  

3 )  

The analysis techniques, problems and assumptions are discussed. 

The f l i g h t  analysis results are compared to  the pref l ight  pre- 

di cted performance. 

4) The pressurization system performance i s  discussed in greater  

depth. 

5 )  The t ransient  d a t a  a n d  performance are included. 

6 )  The SPS thermal control data are presented. 



2. SUMMARY 

The performance of the CSM 104 Serv ce Propulsion System during the 

Apollo 9 Mission was evaluated and found t o  be sat isfactory.  

performed eight maneuvers for a to ta l  f i r i ng  time of 504.42 seconds. 

The SPS 

The steady-state performance was determined by analyzing the second 

and third SPS burns using the Apollo Propulsion Analysis Program. 

mixture ra t io  during both burns was l e s s  than predicted by 0.03 t o  0.05, 

and was outside the 3 sigma l imits  associated with the f l i gh t  prediction. 

The less-than-predicted mixture r a t i o  resulted from the propellant tank 

ullage pressures being other than predicted, and from apparent errors  i n  

the engine hydraulic resistances.  

as determined from the f l i g h t  analysis,  were approximately 2.1% and 0.9% 

l e s s ,  respectively, t h a n  the values determined from acceptance t e s t  data.  

The chanGe required in the oxidizer resistance was within the expected 

tolerances of f 1.9% (3-signa) used in the preflight dispersion analysis 

(Reference 1 ) .  

the expected minus 3-sigma uncertainty of -2.1%. 

determine from the Apollo 9 f l i gh t  da t a  alone whether these apparent res i s -  

tance errors  resu l t  from the s t a t i s t i c a l  uncertainties in the ground t e s t  

data, systematic errors  (biases)  in the ground t e s t  d a t a ,  or a re  indicative 

of some f l igh t  related phenomena not presently modeled, such as  propellant 

he1 ium absorption e f fec ts .  

The 

The fuel and oxidizer engine resistances,  

The fuel resistance change was approximately equal t o  

I t  was n o t  possible t o  

The differences between the predicted and actual t a n k  pressures were 

believed t o  resul t  from a change in helium regulator ou t l e t  pressure re- 

sul t ing from a parts replacement pr ior  t o  launch, the use of specification 

values fo r  the helium check valve pressure drops in the pref l ight  simula- 

2 
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t i o n ,  and p o s s i b l e  e r r o r s  i n  the  hel ium l i n e  res i s tances  used i n  t h e  p re -  

f l  i ght  s i  mu1 a t i  ons . 
0 

The engine performance co r rec ted  t o  s tandard  i n l e t  c o n d i t i o n s  f o r  

b o t h  t h e  second and t h i r d  burns was as f o l l o w s :  

s p e c i f i c  impulse 313.9 seconds, and p r o p e l l a n t  m i x t u r e  r a t i o  1.587. 

va lues  a r e  0.9% g rea te r ,  0.3% g rea te r  and 0.6% l e s s ,  r e s p e c t i v e l y ,  t han  

t h e  corresponding Val ues determined f rom acceptance t e s t  data.  The speci  - 
f i c  impulse and m i x t u r e  r a t i o  d i f f e r e n c e s  a r c  w i t h i n  t h e  expected t o l e r -  

t h r u s t  20728 pounds, 

These 

ances; however, t h e  standard i n l e t  cond 

t h e  3-sigma l i m i t s  o f  + - 0.73%. 

The P r o p e l l a n t  U t i l i z a t i o n  and Gag 

o u t  t h e  m iss ion  was s a t i s f a c t o r y  and as 

t i o n s  t h r u s t  d i f f e r e n c e  exceeded 

ng System (PUGS) ope ra t i on  th rough-  

expected, w i th  t h e  except ion  o f  ( 1 )  

t h e  erroneous o x i d i z e r  storage tank read ing  caused by c l i n g i n g  p r o p e l l a n t  

and d r y i n g  o f  t h e  d i e l e c t r i c  compensator, and ( 2 )  t h e  excessive p r o p e l l a n t  

l e v e l  s t a b i l i z a t i o n  t imes.  

It was determined t h a t  p r i o r  t o  crossover t h e  o x i d i z e r  sump tank  l e v e l  

was above the t o p  o f  t h e  sump tank p r imary  probe, r e s u l t i n g  i n  approx imate ly  

100 lbm o f  o x i d i z e r  be ing  ungageable u n t i l  a f t e r  crossover.  

was a t t r i b u t e d  t o  the t r a n s f e r  o f  o x i d i 2 e r  f rom t h e  s to rage tank  t o  t h e  

This  c o n d i t i o n  

sump tank  because o f  he l i um absorp t ion  i n  t h e  sump tank  d u r i n g  the t ime . 

. 
from p r o p e l l a n t  l o a d i n g  t o  the  f i r s t  SPS burn.  

The o p e r a t i o n  o f  t h e  he l i um p r e s s u r i z a t i o n  system, the  SPS t r a n s i e n t  

performance, and the SPS thermal c h a r a c t e r i s t i c s  were found t o  be s a t i s -  

f a c t o r y  .. 

3 



3. INTRODUCTION 

The Apo l l o  9 Miss ion  was the  n i n t h  i n  a s e r i e s  o f  f l i g h t s  us ing  spec i -  

I t  inc luded  the  second f l i g h t  t e s t  and t h e  f i r s t  f i c a t i o n  Apo l l o  hardware. 

. manned f l i g h t  of t he  Lunar Module (LM), t he  t h i r d  manned f l i g h t  of B lock  

I 1  Command and Serv ice Modules (CSM), and was the  second manned f l i g h t  

us ing  a Saturn V launch veh ic le .  

were t o  evaluate crew opera t ion  o f  t he  Lunar Module and t o  demonstrate 

docked veh ic le  func t i ons  i n  an e a r t h  o r b i t a l  miss ion,  thereby q u a l i f y i n g  

the  combined spacec ra f t  f o r  l u n a r  f l i g h t .  Combined spacec ra f t  f unc t i ons  

i nc luded  Comnand Module docking w i t h  the  Lunar Module, spacec ra f t  e j e c t i o n  

from the  launch veh ic le ,  f i v e  SPS f i r i n g s  w h i l e  docked, a docked Descent 

Propu ls ion  System (DPS) f i r i n g ,  and e x t r a v e h i c u l a r  crew opera t ion  from both  

the  Lunar and Command Modules. Lunar Module opera t ions  i nc luded  a complete 

rendezvous and docking p r o f i l e  and an Ascent P ropu ls ion  System (APS) f i r i n g  

t o  p r o p e l l a n t  dep le t i on .  

a d d i t i o n  t o  the  f i v e  docked SPS f i r i n g s ,  t h ree  undocked SPS f i r i n g s .  

The o v e r a l l  o b j e c t i v e s  o f  the  m iss ion  

Command and Serv ice  Module opera t ions  inc luded,  i n  

The space veh ic le  was launched from the  Kennedy Space Center (KSC) a t  

11:OO:OO a.m. (EST) on 3 March 1969. Fo l low ing  a normal launch phase, 

the S - I V B  stage 

n a u t i c a l  m i  les .  

e j e c t e d  from the  

The r e  we r e  

nser ted  the  spacec ra f t  i n t o  an o r b i t  o f  102.3 by 103.9 

The CSM docked w i t h  the  LM and t h e  docked spacecra f ts  were 

S - I V B  approx imate ly  four  hours a f t e r  launch. 

i g h t  SPS f i r i n g s  du r ing  the  miss ion .  The f i r s t  SPS burn 

was a docked maneuver performed approx imate ly  6 hours a f t e r  l i f t o f f  

which produced a v e l o c i t y  change o f  36.6 f t / s e c .  A t  approx imate ly  22 hours, 

the  second docked SPS f i r i n g  was performed, r e s u l t i n g  i n  a v e l o c i t y  change 

of 850.5 f t / s e c .  

mate ly  25 hours a f t e r  l i f t o f f .  
0 The t h i r d ,  and longes t ,  SPS burn was conducted a t  approx i -  

The t h i r d  burn was a docked burn and pro-  

* 
4 



duced a v e l o c i t y  change o f  2567.9 f t / s e c .  Approximately 3 hours l a t e r ,  t h e  

f o u r t h  docked SPS burn was performed f o r  a v e l o c i t y  change o f  300.5 f t / s e c .  

The f i f t h  SPS f i r i n g ,  which was the f i n a l  docked maneuver, was accomplished 

a t  approx imate ly  54 hours a f t e r  l i f t o f f  f o r  a v e l o c i t y  change o f  572.5 

f t /sec.  P r i o r  t o  the f i f t h  SPS burn, a t  approx imate ly  50 hours,  the  f i r s t  

DPS burn was performed i n  the docked c o n f i g u r a t i o n  f o r  a d u r a t i o n  o f  371.5 

seconds. A t  93:39:36 (hr:min:sec) ground elapsed t ime ( G E T )  t h e  LM and CSM 

were separated i n  p r e p a r a t i o n  f o r  the rendezvous maneuvers. Between separa t ion  

and t h e  s i x t h  SPS f i r i n g ,  a t  approx imate ly  123 hours, t h e  planned rendezvous man- 

euvers were s u c c e s s f u l l y  accomplished, i n c l u d i n g  a DPS phasing burn o f  19.7 

seconds, a DPS i n s e r t i o n  maneuver burn o f  22.3 seconds, t h e  descent-ascent 

s tage separa t ion ,  and an APS i n s e r t i o n  maneuver burn  o f  15.6 seconds 

d u r a t i o n .  

Fo l low ing  t h e  ascent stage-CSM rendezvous, t h e  ascent  stage was 

j e t t i s o n e d  and the  APS performed a burn t o  d e p l e t i o n  o f  362.4 seconds dura- 

t i o n .  The s i x t h  SPS burn produced a v e l o c i t y  change o f  33.7 f t / s e c .  

mate ly  2 days l a t e r ,  t h e  SPS was a c t i v a t e d  f o r  t h e  seventh f i r i n g .  

seventh SPS burn r e s u l t e d  i n  a 650.1 f t / s e c  v e l o c i t y  change, and was de- 

s igned t o  g i v e  a burn t ime approximately 15 seconds l o n g e r  than t h e  pre-  

f l i g h t  p lanned d u r a t i o n  o f  10 seconds, i n  o r d e r  t o  accomplish a SPS gaging 

system t e s t  t h a t  had been added t o  t h e  f i r i n g  o b j e c t i v e s .  The e i g h t h ,  and 

f i n a l ,  SPS f i r i n g  was t h e  d e - o r b i t  burn and occurred approx imate ly  240 hours 

a f t e r  l i f t o f f .  

Approxi-  

The 

The r e s u l t a n t  v e l o c i t y  change was 322.7 f t / s e c .  

The a c t u a l  i g n i t i o n  t imes and burn d u r a t i o n s  f o r  the  e i g h t  SPS f i r i n g s  

a r e  shown i n  Table 1. 

The A p o l l o  9 Miss ion  u t i l i z e d  CSM 104 which was equipped w i t h  SPS Engine 

S/N 62 ( I n j e c t o r  S/N 120). The engine c o n f i g u r a t i o n  and expected perform- 

5 



ance c h a r a c t e r i s t i c s  (Reference 1 ) a re  conta ined 

The Apo l lo  9 SPS c o n f i g u r a t i o n  was very  sim 

8 con f igu ra t i ons ,  which were t h e  two prev ious  f l  

. spacecra f ts .  

i n  Table 2. 

l a r  t o  t h e  A p o l l o  7 and 

g h t  B lock  I1  A p o l l o  

The SPS engine was s t a r t e d  i n  the  s i n g l e  bore engine va l ve  mode on 

a l l  e i g h t  burns t o  reduce t h e  magnitude o f  t he  chamber p ressure  overshoot  

exper ienced on prev ious  f l i g h t s  when s t a r t i n g  i n  the  dual  bore  mode. 

the  second, t h i r d ,  f o u r t h ,  f i f t h ,  seventh, and e i g h t h  burns t h e  o t h e r  bore 

was opened 3 t o  4 seconds a f t e r  i g n i t i o n  and t h e  remainder o f  t he  burn was 

performed i n  the  dual bore  mode. The SPS PU va lve  was l e f t  i n  t he  normal 

p o s i t i o n  throughout the  miss ion .  

Dur ing  

The f i r s t  t h ree  SPS maneuvers were no-u l lage s t a r t s ,  w h i l e  t h e  f o u r t h  

and f i f t h  maneuvers were preceded by 20 second, 4 - j e t ,  +X SM RCS u l l a g e  

maneuvers t o  i n s u r e  SPS p r o p e l l a n t  s e t t l i n g .  The s i x t h ,  seventh and 

e i g h t h  burns were each preceded by 20 second, 2 - j e t  +X SM RCS u l l a g e  

maneuvers. 

There was no A p o l l o  9 M i s s i o n  D e t a i l e d  Tes t  O b j e c t i v e  s p e c i f i c a l l y  

r e l a t e d  t o  the SPS. 

0 

6 
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4. REVIEW OF SPS OPERATION 

The SPS t e l e m e t r y  (T/M) data recorded d u r i n g  boost  and t h e  6-hour 

coas t  p e r i o d  p r i o r  t o  the  f i r s t  SPS burn  i n d i c a t e d  t h a t  a l l  SPS pressures 

and temperatures had remained w i t h i n  t h e i  r normal o p e r a t i  on ranges d u r i  ng 

t h a t  t ime per iod ,  v e r i f y i n g  t h a t  t h e  launch and s p a c e c r a f t  s e p a r a t i o n  from 

t h e  S- IYB had no adverse e f f e c t s  on t h e  SPS. 

The SPS o p e r a t i o n  was normal and s a t i s f a c t o r y  d u r i n g  each o f  t h e  e i g h t  

f i r i n g s  accomplished d u r i n g  the  A p o l l o  9 Miss ion ,  w i t h  t h e  except ion  o f  the  

o p e r a t i o n  of t h e  p r o p e l l a n t  u t i l i z a t i o n  and gaging system (PUGS), which was 

n o t  as expected. 

E v a l u a t i o n  Sect ion.  

t u r e s  and pressures remained w i t h i n  the  ranges o f  nominal o p e r a t i o n  d u r i n g  

a l l  burn  and coas t  phases o f  the miss ion .  Table 3 conta ins  r e p r e s e n t a t i v e  

values o f  the s teady-s ta te  pressures measured d u r i n g  each o f  t h e  e i g h t  

f i r i n g s .  

o u t  the  miss ion .  

The PUGS opera t ion  i s  discussed i n  d e t a i l  i n  t h e  PUGS 

The a v a i l a b l e  T/M data  i n d i c a t e d  t h a t  a l l  SPS tempera- 

These da ta  i n d i c a t e  t h a t  the  SPS o p e r a t i o n  was c o n s i s t e n t  through- 

The f i f t h  SPS maneuver fo l lowed a docked DPS burn o f  approx imate ly  

P r e f l i g h t  analyses i n d i c a t e d  t h a t  when t h e  CSM and LM a r e  367 seconds. 

docked, and a DPS burn  i s  performed, a n e g a t i v e  a c c e l e r a t i o n  t h a t  exceeds 

approx imate ly  0.1 foot/second w i  11, i n  t ime, cause d e p l e t i o n  o f  t h e  SPS 

p r o p e l l a n t s  captured under t h e  r e t a i n i n g  screens. 

r e s e r v o i r  should remain f u l l .  The u l l a g e  maneuver conducted i n  p r e p a r a t i o n  

f o r  a subsequent SPS f i r i n g  w i l l  b r i n g  t h e  p r o p e l l a n t  down t o  t h e  top  screen 

w i th  a p o r t i o n  o f  t h e  p r o p e l l a n t  pass ing through t h e  screens u n t i l  t h e  e n t i r e  

screen area i s  wet, which prevents  d isp laced hel ium (below t h e  screen) from 

pass ing forward. An SPS f i r i n g  under t h i s  c o n d i t i o n  causes t h e  p r o p e l l a n t  

t o  drop through the  two screens r a p i d l y  t o  d i s p l a c e  t h e  gas b u t  n o t  be fore  

2 

However, t h e  r e t e n t i o n  
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some gas i s  b rought  i n t o  t h e  p r o p e l l a n t  r e t e n t i o n  r e s e r v o i r .  

i n d i c a t e d  t h a t  a l a r g e  p o r t i o n  of t he  q u a n t i t y  o f  gas e n t e r i n g  t h e  r e s e r v o i r  

may be captured w i t h o u t  an excess ive r a t e  of  gas i n g e s t i o n  i n t o  t h e  engine. 

Tes t  da ta  i n d i c a t e  t h a t  t h e  gas i n  t h e  r e s e r v o i r  w i l l  be s l o w l y  e n t r a i n e d  

w i t h  t h e  p r o p e l l a n t  f l o w  i n t o  t h e  engine, and t h e  r e s e r v o i r  shou ld  be re -  

s t o r e d  f rom gaseous t o  normal ope ra t i on  a f t e r  about 40 seconds o f  cont inuous 

SPS opera t ion .  

and smooth. The subsequent s i x t h  SPS burn  was a l s o  smooth, v e r i f y i n g  t h a t  

t he  41-second f i f t h  burn was o f  s u f f i c i e n t  d u r a t i o n  t o  remove t h e  t rapped 

he1 um and r e s t o r e  the  r e s e r v o i r  t o  normal ope ra t i on  ( l i q u i d )  and thereby  

p r e  e n t  any subsequent accumulation o f  gas bubbles near  t h e  engine va l ve  

i n l e t s .  

Ana lys i s  

The performance d u r i n g  t h e  f i f t h  SPS maneuver was normal 

The s i x t h  SPS f i r i n g  was o r i g i n a l l y  scheduled f o r  t he  77th r e v o l u t i o n  

and was t o  be c o n t r o l l e d  by the  d i g i t a l  a u t o p i l o t  (DAP) .  

con f i gu ra t i on  f o r  the  s i x t h  burn i n c l u d e d  an automat ic  +X, 2:jet, 20 second 

SM RCS u l l a g e  maneuver p r i o r  t o  SPS i g n i t i o n .  

achieved a t  the  proper  t ime and t h e  SPS f i r i n g  was abor ted.  

The p lanned DAP 

The +X t r a n s l a t i o n  was n o t  

The f a i l u r e  o f  

t he  +X t r a n s l a t i o n  maneuver t o  occur  r e s u l t e d  from improper  programming o 

the  DAP c o n f i g u r a t i o n  changes p r i o r  t o  the  planned SPS burn. The SPS f i r  

was rescheduled f o r  the  78 th  r e v o l u t i o n  and was s u c c e s s f u l l y  accomplished 

a t  123:25:07 GET. 

Throughout the  coas t  p r i o r  t o  the  f i r s t  SPS burn, t h e  measured f u e l  

tank pressure (SPOOO6P) c o n s i s t e n t l y  read about 2 p s i  l e s s  than t h e  measured 

fue l  i n t e r f a c e  pressure (SPO93OP). Dur ing  zero-g coas t  t h e  two measurements 

should i n d i c a t e  equal pressures.  Comparisons of da ta  from the  two measure- 

rnents d u r i n g  o t h e r  coas t  pe r iods  a l s o  showed a s i m i l a r  disagreement. 

recorded severa l  hours p r i o r  t o  launch a l s o  i n d i c a t e d  a 2 p s i  d iscrepancy 
0 Data 
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between t h e  f u e l  tank and i n t e r f a c e  measured pressures,  a f t e r  account ing 

f o r  head ef fects.  

p s i  l e s s  than the  o x i d i z e r  tank pressure.  

press'ures agreed w e l l  p r i o r  t o  launch and d u r i n g  t h e  coas t  t o  t h e  f i r s t  

P r i o r  t o  launch, the  f u e l  tank pressure  read about 2-3 

The o x i d i z e r  tank and i n t e r f a c e  

SPS burn.  

p ressure  was most probably  biased approx imate ly  -2 p s i  throughout  the  

m i  s s i  on. 

Based on these comparisons, i t  was concluded t h a t  t h e  fue l  tank 

More d e t a i  1 ed d iscuss ions o f  the  o p e r a t i  on of the h e l i  um Dressur i  z a t i  on 

system, the  thermal c o n t r o l  system and the  SPS t r a n s i e n t  performance a r e  

conta ined i n  t h e i r  r e s p e c t i v e  sec t ions  o f  t h i s  r e p o r t .  
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m i  n 

5. STEADY -STATE PERFORMANCE ANALYSIS 

Ana lys is  Technique 

The major  a n a l y s i s  e f f o r t  f o r  t h i s  r e p o r t  was concentrated on de ter -  

ng t h e  f l i g h t  s teady-s ta te  performance of  t h e  SPS d u r i n g  t h e  second and 

t h i r d  burns. 

w a r r a n t  d e t a i l e d  performance a n a l y s i s .  

p l i s h e d  w i t h  t h e  a i d  o f  the  A p o l l o  Propu ls ion  Ana lys is  Program which 

u t i l i z e s  a minimum var iance technique t o  ' 'best"  c o r r e l a t e  the  a v a i l a b l e  

f l i g h t  and ground t e s t  data. The program embodies e r r o r  models f o r  the  

var ious  f l i g h t  and ground t e s t  da ta  t h a t  a r e  used as i n p u t s ,  and by s t a t i s -  

t i c a l  and i t e r a t i v e  methods a r r i v e s  a t  es t imat ions  o f  the system performance 

h i s t o r y ,  propel  l a n t  weights and spacecraf t  we igh t  which "bes t "  (minimum- 

var iance sense) r e c o n c i l e  the avai  1 ab le data.  

The remaining s i x  burns were o f  i n s u f f i c i e n t  d u r a t i o n  t o  

The Performance a n a l y s i s  was accom- 

Analys i s Des c r i  p ti on 

The steady-state performance a n a l y s i s  u t i l i z e d  da ta  from t h e  f l i g h t  

measurements l i s t e d  i n  Table 4. E a r l y  i n  t h e  p o s t f l i g h t  a n a l y s i s  i t  became 

apparent t h a t  the  f l i g h t  performance, as i n d i c a t e d  by the  T/M data,  was n o t  

t o t a l l y  c o n s i s t e n t  w i t h  t h e  system model as e s t a b l i s h e d  from ground t e s t  

data.  The i n f l i g h t  m i x t u r e  r a t i o ,  based on the  PUGS data,  was l e s s  than 

expected, and t h e  d e v i a t i o n  cou ld  n o t  be complete ly  exp la ined by d i f f e r e n c e s  

i n  the measured system pressures o r  p r o p e l l a n t  cond i t ions .  I n i t i a l  s imula-  

t i o n s  a l s o  i n d i c a t e d  t h a t  the average t h r u s t  f o r  the  two burns analyzed was 

s i g n i f i c a n t l y  g r e a t e r  than expected f o r  the measured system pressures and 

p r o p e l l a n t  cond i t ions ,  when us ing the  p r e f l i g h t  model. 

apparent performance i n c o n s i s t e n c i e s  , i t  was necessary t o  d e v i a t e  somewhat 

from the  a n a l y s i s  approach used i n  p rev ious  SPS eva lua t ions .  

Because o f  these 

I n  a d d i t i o n  
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t o  the  performance incons is tenc ies  , severa l  data and model ing problems were 

encountered which r e q u i r e d  t h a t  c e r t a i n  assumptions be made b e f o r e  meaning- 

f u l  s i m u l a t i o n s  o f  t h e  two burns i n  q u e s t i o n  could be accomplished. 

The a n a l y s i s  procedures used, along w i t h  the  data and model ing problems 

encountered, and the  assumptions which were r e q u i r e d  t o  r e s o l v e  them a r e  

descr ibed i n  d e t a i l  i n  t h e  f o l l o w i n g  paragraphs. 

As p r e v i o u s l y  discussed, the i n f l i g h t  m i x t u r e  r a t i o  and t h r u s t  were n o t  

c o n s i s t e n t  w i t h  the  p r e f l i g h t  system model as e s t a b l i s h e d  from ground t e s t  

data.  

achieve an acceptable match t o  the f l i g h t  data, i t  would be necessary t o  

a l l o w  the  a n a l y s i s  program t o  ad jus t  t h e  engine h y d r a u l i c  res is tances ,  i . e .  

cons ider  them as s t a t e  var iab les .  I n  prev ious SPS p o s t f l i g h t  analyses t h e  

engine res is tances  have been assumed known from ground t e s t  data,  and were 

i n p u t  t o  the  program as constants ,  

From p r e l i m i n a r y  s imu la t ions  i t  was determined t h a t  i n  o r d e r  t o  

I t  was f u r t h e r  observed (see PUGS Eva lua t ion)  t h a t  t h e  o x i d i z e r  sump 

tank  l e v e l  p r i o r  t o  p r o p e l l a n t  crosscver (s to rage tank d e p l e t i o n )  was above 

t h e  maximum gageable h e i g h t  because o f  o x i d i z e r  t r a n s f e r  between t h e  tanks. 

T h i s  meant t h a t  accurate o x i d i z e r  gaging data were n o t  a v a i l a b l e  d u r i n g  the  

second burn,  and the  i n i t i a l  p o r t i o n  o f  the  t h i r d  burn.  The PUGS data a l s o  

i n d i c a t e d  t h a t  some f u e l  t r a n s f e r  may have a l s o  occurred between t h e  

s to rage and sump tanks, a l though the  sump tank l e v e l  d i d  remain below the  

maximum gageable h e i g h t .  

cons ider  n o t  o n l y  t h e  t o t a l  o x i d i z e r  and t o t a l  f u e l  masses as s t a t e  v a r i -  

ab les,  b u t  t o  a l s o  cons ider  t h e i r  r e s p e c t i v e  amounts i n  each tank as unknowns 

p r i o r  t o  crossover.  

Because o f  these f a c t o r s ,  i t  was necessary t o  

The c o n s i d e r a t i o n  of the  a d d i t i o n a l  var iab les ,  o r  "degrees o f  freedom," 

compl icates the ana lys is ,  especia l  l y  f o r  those p o r t i o n s  o f  t h e  SPS duty -cyc le  
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p r i o r  t o  crossover. 

o f  t h e  t h i r d  burn f o l l o w i n g  crossover,  i n  o r d e r  t o  determine t h e  engine 

h y d r a u l i c  res is tances,  and t o  then use those res is tances  as constants  i n  

analyz ing the  second burn. Th is  was an i t e r a t i v e  procedure i n  which t h e  

SPS performance was determined p r i m a r i l y  from t h e  t h i r d  burn a n a l y s i s ,  and 

then v e r i f i e d  by the s i m u l a t i o n  o f  second burn. 

d u r i n g  the  t h i r d  burn was d e r i v e d  from the  a n a l y s i s  o f  a 164-second segment 

o f  the  burn. The segment analyzed began approx imate ly  97-seconds f o l l o w i n g  

i g n i t i o n  (FS- l ) ,  exc lud ing  t h a t  p o r t i o n  o f  burn p r i o r  t o  crossover,  and 

i n c l u d e d  the f l i g h t  t ime between 91156 and 91320 seconds G.E.T. 

s t a t e  performance d u r i n g  t h e  second burn was determined f rom t h e  a n a l y s i s  

of a 85-second segment of t h e  burn. 

menced approximately 21 seconds a f t e r  SPS i g n i t i o n  (FS- l ) ,  and i n c l u d e d  t h e  

f l i g h t  t ime between 79945 and 80030 seconds G.E.T. The f i r s t  21 seconds 

o f  the  burn were n o t  inc luded,  i n  o rder  t o  min imize any e r r o r s  r e s u l t i n g  

from data f i l t e r i n g  spans which i n c l u d e  t r a n s i e n t  data,  and because t h e  

PUGS data near the  s t a r t  of  the  burn was erroneous (see PUGS EVALUATION AND 

PROPELLANT LOADING). The t ime segment analyzed was te rmina ted  approx imate ly  

4 seconds p r i o r  t o  SPS shutdown (FS-2)  f o r  s i m i l a r  reasons. 

Therefore, i t  was decided t o  f i r s t  analyze t h e  p o r t i o n  

The s teady-s ta te  performance 

The steady- 

The segment o f  the burn analyzed com- 

The a b i l i t y  t o  separate e r r o r s  i n  t h e  computed t h r u s t  from e r r o r s  i n  

the es t imated  i n i t i a l  spacecra f t  mass was reduced when compared t o  p rev ious  

SPS analyses because o f  the  increased spacecra f t  mass assoc ia ted  w i t h  t h e  

docked c o n f i g u r a t i o n .  

creases the  r a t e  o f  change o f  v e h i c l e  a c c e l e r a t i o n ,  which i s  the pr imary  

parameter i n  separat ing t h r u s t  and mass e r r o r s .  

burns were conducted i n  the  docked c o n f i g u r a t i o n .  

essary t o  assume t h a t  the v e h i c l e  damp we igh t  (CSM/LM minus SPS p r o p e l l a n t s )  

Th is  c o n d i t i o n  e x i s t s  because t h e  increased mass de- 

Both the  second and t h i r d  

Therefore,  i t  was nec- 
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0 was known f o r  each burn analyzed. The es t imated s p a c e c r a f t  damp w e i g h t  a t  

i g n i t i o n  f o r  b o t h  burns was obta ined from t h e  A p o l l o  Spacecra f t  Program 

O f f i c e ,  and was asswned cons tan t  throughout t h e  burn. 

f o r  the  second burn was 54760 lbm, and t h e  we igh t  used f o r  the  t h i r d  burn 

The damp we igh t  used 

. 

.' 

was 54750 lbm. 

beginning o f  t h e  t ime segment analyzed f o r  the  second burn were e x t r a p o l a t e d  

from t h e  loaded p r o p e l l a n t  weights.  

t h e  t i m e  segment analyzed f o r  t h e  t h i r d  burn were e x t r a p o l a t e d  from t h e  com- 

p u t e d  p r o p e l l a n t s  remaining a t  the end o f  the  t ime segment analyzed f o r  t h e  

second burn. 

e s t a b l i s h  t h e  i n i t i a l  est imates f o r  a g i v e n  s i m u l a t i o n  were p e r f o m e d  i n  an 

i t e r a t i v e  manner and u t i  1 i z e d  t h e  der ived  f l  owrates from t h e  preceding 

s i m u l a t i o n .  T h i s  i n s u r e d  t h a t  the d e r i v e d  p r o p e l l a n t  mass h i s t o r y  was con- 

s i s t e n t  between the  two t ime segments analyzed. 

The i n i t i a l  est imates o f  t h e  SPS p r o p e l l a n t s  onboard a t  t h e  

The i n i t i a l  p r o p e l l a n t  es t imates  f o r  the  

I n  a l l  cases t h e  e x t r a p o l a t i o n s  o f  p r o p e l l a n t  masses used t o  

As p r e v i o u s l y  discussed (see Review o f  SPS Operat ion),  t h e  

measured f u e l  tank pressure da ta  (SPOOO6P) was adjudged t o  be b iased by 

approx imate ly  -2  p s i .  

program as an i n i t i a l  es t imate  o f  the mean e r r o r  f o r  these data. 

Therefore,  a -2 p s i  b i a s  was i n p u t  t o  the  a n a l y s i s  

The transducers f o r  bo th  t h e  o x i d i z e r  and f u e l  tank pressure f l i g h t  

measurements are n o t  l o c a t e d  i n  the s to rage tank u l l a g e ,  b u t  a r e  i n  t h e  

he l ium l i n e s  t o  t h e  tanks; between t h e  heat  exchangers and t h e  tanks. 

t h e o r e t i c a l  pressure drops ( f r i c t i o n  losses)  f o r  the o x i d i z e r  and f u e l  

he l ium l i n e s  between the measurement l o c a t i o n s  and the  s to rage tank u l l a g e s  

were computed t o  be approx imate ly  0.6 p s i  and 0.5 p s i  , r e s p e c t i v e l y ,  a t  t h e  

nominal  he l ium f lowra tes .  The equat ions t o  compute these pressure drops 

as func t ions  o f  the  hel ium f lowra tes  were i n c o r p o r a t e d  i n  the  a n a l y s i s  

The 
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program measurement model. These pressure drops had been assumed t o  be 

zero i n  prev ious f l i g h t  analyses, and t h e i r  i n c l u s i o n  improves t h e  measurement model. 

The SPS engine t h r u s t  chamber t h r o a t  area was i n p u t  t o  t h e  program as a 

f u n c t i o n  of the t ime from i g n i t i o n  f o r  each burn.  

h i s t o r y ,  shown i n  F i g u r e  1 , was assumed t o  be the  same as p r e d i c t e d  (Ref-  

erence 1 ) .  

The t h r o a t  area t i m e  

The SPS p r o p e l l a n t  d e n s i t i e s  used i n  t h e  a n a l y s i s  were c a l c u l a t e d  from 

p r o p e l l a n t  sample s p e c i f i c  g r a v i t y  da ta  ob ta ined from KSC, f l i g h t  p r o p e l l a n t  

temperature data, and f l i g h t  i n t e r f a c e  pressures.  The temperatures used 

were based on data from a l l  the  feed-system and engine f e e d l i n e  temperature 

measurements and were i n p u t  t o  the program as f u n c t i o n s  o f  t ime. 

s teady-s ta te  operat ion,  i t  was assumed t h a t  f o r  bo th  o x i d i z e r  and f u e l ,  

t h e i r  respec t ive  tank b u l k  temperatures and engine i n t e r f a c e  temperatures 

were equal. 

Dur ing 

Both t h e  second and t h i r d  burn s i m u l a t i o n s  were performed us ing  an 

" u l l a g e  pressure d r i v e n "  SPS model. Simply s ta ted ,  t h i s  model u t i l i z e s  

i n p u t  o x i d i z e r  and f u e l  s torage tank u l l a g e  pressure  values, as f u n c t i o n s  o f  

t ime, f o r  the  s t a r t i n g  p o i n t s  i n  computing t h e  pressures and f l o w r a t e s  

throughout  the system. 

f i l t e r e d  data from t h e  f l i g h t  tank pressure measurements. 

f r e e  t o  b i a s  the i n p u t  pressures, i f  so r e q u i r e d  t o  achieve a minimum v a r i -  

ance s o l u t i o n ,  b u t  the vers ion  used ( L i n e a r  Model 0)  i s  e s s e n t i a l l y  con- 

s t r a i n e d  t o  f o l l o w  the  shape o f  t h e  i n p u t  tank pressure p r o f i l e s .  

o f  the  tank  pressure p r o f i l e s ,  i n  t u r n ,  s t r o n g l y  i n f l u e n c e  t h e  computed 

t h r u s t  shape, and therefore,  the  c a l c u l a t e d  a c c e l e r a t i o n  shape. 

s i m u l a t i o n s  o f  t h e  t h i r d  burn, us ing  t h e  f i l t e r e d  tank  pressure data,  y i e l d e d  

computed a c c e l e r a t i o n  shape e r r o r s .  

The i n p u t  tank pressures used a r e  g e n e r a l l y  t h e  

The program i s  

The shape 

The i n i t i a l  

The e r r o r s  were seen t o  be d i r e c t l y  

1 A  



.' 

c o r r e l a t e d  wi th  t h e  ' 'steps" i n  the f i l t e r e d  tank  pressure  da ta  ( l ) ,  which 

are  shown i n  F i g u r e  2. The steps i n  ques t ion  occur  because of t h e  PCM 

q u a n t i z a t i o n  of the  data, which f o r  the  tank pressure  da ta  i s  approx imate ly  

1 psi/PCM count, and are  n o t  considered t o  b e s t  r e f l e c t  t h e  a c t u a l  tank pres 

sure p r o f i l e s .  By u t i l i z i n g  the n o i s e - i n - t h e - s t a t e  v e r s i o n  ( L i n e a r  Model 2) 

o f  t h e  program i t  was p o s s i b l e  t o  d e r i v e  tank  pressure  p r o f i l e s  which a r e  

considered more r e a l i s t i c .  The d e r i v e d  p r o f i l e s ,  which a r e  a l s o  shown i n  

F i g u r e  2, were then i n p u t  t o  the L i n e a r  Model 0 v e r s i o n  o f  the  program f o r  

subsequent s imu la t ions .  

Analys is  Resul ts  

The r e s u l t i n g  values of  t h e  more s i g n i f i c a n t  SPS performance parameters, 

as c a l c u l a t e d  i n  the  analys s program s i m u l a t i o n  o f  t h e  second burn, a r e  

conta ined i n  Table 5, a long w i t h  t h e i r  corresponding p r e f l i g h t  p r e d i c t e d  

values. 

and, a l though t h e  SPS performance i s  t ime dependent, these values are  con- 

s i d e r e d  r e p r e s e n t a t i v e  o f  t h e  performance throughout  t h e  e n t i  r e  segment o f  

t h e  second burn  t h a t  was analyzed. Table 6 presents  the  c a l c u l a t e d  per-  

formance values from the t h i r d  burn s imu la t ion ,  a long w i th  t h e  p r e d i c t e d  

values, f o r  a t ime s l i c e  225 seconds f o l l o w i n g  FS-1. Again, these values 

a r e  considered r e p r e s e n t a t i v e  of t h e  performance throughout  t h e  burn seg- 

ment t h a t  was simulated. 

The values presented are f o r  a t ime s l i c e  90 seconds a f t e r  FS-1 , 

( l ) T h e  f i l t e r e d  data shown i n  F igure2 were ad jus ted  t o  account f o r  t h e  
pressure drops between t h e  measurement l o c a t i o n  and t h e  tanks, and f o r  
the  assumed b i a s  i n  t h e  f u e l  tank data p r e v i o u s l y  discussed i n  o r d e r  
t o  be comparable t o  t h e  p r e d i c t e d  and d e r i v e d  s to rage tank pressures.  
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F i g u r e  3 shows the  c a l c u l a t e d  SPS s p e c i f i c  impulse, p r o p e l l a n t  m i x t u r e  

r a t i o ,  and t h r u s t ,  as f u n c t i o n s  of t ime, f o r  t h e  two burn segments analyzed. 

For  comparison, F i g u r e  3 a l s o  conta ins  t h e  p r e d i c t e d  performance f o r  t h e  

e n t i r e  second and t h i r d  burns.  As shown, the  s p e c i f i c  impulse was essen- 

t i a l l y  a constant va lue o f  313.9 seconds throughout  t h e  burn segments ana- 

lyzed.  

and the  q u a l i t a t i v e  comparison o f  the  da ta  from a l l  e i g h t  burns (Review o f  

SPS Operat ion) ,  i t  i s  concluded t h a t  t h e  SPS s teady-s ta te  performance 

throughout  the e n t i  r e  miss ion  was s a t i s f a c t o r y .  The p r o p e l l a n t  m i x t u r e  

r a t i o ,  however, was s i g n i f i c a n t l y  l e s s  (by  0.03 t o  0.05) than p r e d i c t e d  

d u r i n g  b o t h  burns. 

p r e d i c t e d  Derformance i s  conta ined i n  a f o l l o w i n q  s e c t i o n .  

Based on the values computed f o r  t h e  two burn segments analyzed, 

A d e t a i l e d  comparison of t h e  f l i g h t  performance to- the  

The program determined t h a t  the  b e s t  match t o  the  a v a i l a b l e  data re -  

q u i r e d  t h a t  the engine h y d r a u l i c  res is tances  be ad jus ted  from t h e i r  pre-  

f l i g h t  values. The der ived  f u e l  r e s i s t a n c e  was 854.4 l b f - s e c  / l b m - f t  , 

and the  der ived o x i d i z e r  r e s i s t a n c e  was 484.1 l b f - s e c  / l b m - f t  . These values 

are  approximately 2.1% and 0.9% l e s s ,  r e s p e c t i v e l y ,  than the  values de ter -  

mined from engine acceptance t e s t  data and used i n  t h e  p r e f l i g h t  p r e d i c t i o n .  

As observed i n  prev ious SPS f l i g h t  analyses, t h e  measured chamber pres-  

2 5 

2 5 

sure e x h i b i t e d  an apparent p o s i t i v e  d r i f t  d u r i n g  bo th  t h e  second and t h i r d  

burns, when compared t o  t h e  program c a l c u l a t e d  chamber pressure.  

age magnitudes o f  t h e  d r i f t ,  over t h e  segments of  t h e  burns analyzed, were 

approx imate ly  0.016 ps i /sec and 0.003 ps i /sec  f o r  t h e  second and t h i r d  burns, 

r e s p e c t i v e l y .  The d r i f t  i s  b e l i e v e d  t o  r e s u l t  f rom thermal e f f e c t s  on t h e  

t ransducer .  

i n g  i g n i t i o n  and t o  decrease w i t h  t i m e  f rom i g n i t i o n .  

Seems t o  support t h e  hypothes is  t h a t  t h e  d r i f t  i s  t h e r m a l l y  induced s ince  

The aver -  

The d r i f t  r a t e  has been observed t o  be most pronounced f o l l o w -  

Th is  c h a r a c t e r i s t i c  
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t h e  i n j e c t o r  f lange temperature (measurements SP0061T and SP0062T) e x h i b i t e d  

s i m i l a r  t rends,  i .e . ,  a h i g h  r i s e  r a t e  immediately f o l l o w i n g  i g n i t i o n ,  w i t h  

t h e  r a t e  of r i s e  then decreasing wi th  t i m e  f rom i g n i t i o n .  S ince  t h e  burn  

segment s imu la ted  f o r  the  t h i r d  burn commenced 97 seconds a f t e r  i g n i t i o n ,  

compared t o  21 seconds f o r  the  second burn segment, t h e  s m a l l e r  average d r i f t  

r a t e  observed f o r  t h e  t h i r d  burn segment i s  as expected. 

Dur ing bo th  burns, the  measured o x i d i z e r  and f u e l  i n t e r f a c e  pressure  

d a t a  (SPO931P and SPO93OP) appeared b iased by approx imate ly  -2 p s i  and -1 

p s i ,  r e s p e c t i v e l y .  Al though t h e  apparent biases a r e  w e l l  w i t h i n  t h e  i n s t r u -  

menta t ion  u n c e r t a i n t i e s ,  r e c e n t  d iscuss ions w i t h  N o r t h  American Rockwell  (NR) 

have revealed t h a t  t h e r e  i s  some concern t h a t  the f l i g h t  i n t e r f a c e  measure- 

ments may e i t h e r  be s y s t e m a t i c a l l y  biased, o r  a r e  n o t  sensing pressures con- 

s i s t e n t  w i t h  t h e  t h e o r e t i c a l  i n t e r f a c e  l o c a t i o n s  on which the  o r i g i n a l  B lock 

I 1  SPS feed-system h y d r a u l i c  res is tances were based. 

arose p r i m a r i l y  from N R ' s  d i f f i c u l t i e s  i n  c o r r e l a t i n g  f l i g h t  da ta  from pre-  

v ious SPS miss ions,  and, a t  present,  i s  unresolved. Ana lys is  o f  t h i s  ques- 

t i o n  should be cont inued, and i t  i s  recommended tha t  t h e  a p p l i c a b l e  da ta  

from t h e  White Sands Test  F a c i l i t y  SPS t e s t i n g  be reviewed s i n c e  s i g n i f i c a n t  

i n s t r u m e n t a t i o n  redundancy e x i s t s  t h e r e  t h a t  i s  n o t  a v a i l a b l e  i n  f l i g h t .  , 

T h i s  concern apparent ly  

The a n a l y s i s  i n d i c a t e d  t h a t  t h e  p r e f l i g h t  chamber t h r o a t  area ( F i g u r e  

1 )  which was used i n  t h e  p o s t f l i g h t  s imu la t ions ,  was r e l a t i v e l y  accurate,  i n  

t h a t  no changes were r e q u i r e d  t o  achieve a s a t i s f a c t o r y  da ta  match f o r  

e i t h e r  the  second o r  t h i r d  burn. T h i s  conclus ion i s  somewhat counter  t o  

t h e  A p o l l o  8 a n a l y s i s  r e s u l t s  (Reference 3) ,  which r e q u i r e d  some adjustments 

t o  the  p r e d i c t e d  t h r o a t  area i n  o rder  t o  match t h e  f l i g h t  data f o r  t h e  

f o u r t h  burn,  which was the second l o n g  d u r a t i o n  burn  on t h a t  miss ion.  

were d i f fe rences ,  however, i n  the A p o l l o  8 and A p o l l o  9 SPS du ty -cyc les  

There 
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(burn du ra t i ons  and t ime  between burns) wh ich  m i g h t  e x p l a i n  t h e  apparent 

d i f f e r e n c e s  i n  the  t h r o a t  area c h a r a c t e r i s t i c s .  The SPS t h r o a t  area charac- 

t e r i s t i c s  dur ing f u t u r e  f l i g h t s  should be i n v e s t i g a t e d  i n  o r d e r  t o  v a l i d a t e  

t h e  c h a r a c t e r i z a t i o n  being used f o r  t h e  p r e f l i g h t  p r e d i c t i o n s .  

The computed o x i d i z e r  and f u e l  masses a t  t he  s t a r t  o f  t he  second burn 

s i m u l a t i o n  were 104 lbm and 95 lbrn l ess ,  r e s p e c t i v e l y ,  than t h e  i n i t i a l  

est imates as e x t r a p o l a t e d  from the repor ted  p r o p e l l a n t  loads (see PUGS 

EVALUATION AND PROPELLANT LOADING). 

s i g n i f i c a n t  and may p a r t i a l l y  r e f l e c t  e r r o r s  i n  t h e  v e h i c l e  damp we igh t  

and i n  t h e  e x t r a p o l a t i o n ,  as opposed t o  e r r o r s  i n  the l o a d i n g  data. Based 

on the ana lys i s  o f  the second burn, i t  was determined t h a t  approximately 

100 lbm o f  o x i d i z e r  was ungageable p r i o r  t o  crossover because o f  the o x i -  

d i  z e r  t r a n s f e r  between tanks (see PUGS EVALUATION AND PROPELLANT LOADING). 

These d i f f e rences  a r e  n o t  considered 

C r i t i q u e  o f  Ana lys i s  

Shown i n  F igures  4 th rough 21 a r e  a n a l y s i s  program o u t p u t  p l o t s  which 

rep resen t  the r e s i d u a l  e r r o r s ,  o r  d i f f e r e n c e s  between t h e  f i l t e r e d  f l i g h t  

data and t h e  program-calculated values. 

t h r u s t  acce le ra t i on ,  o x i d i z e r  tank  pressure, f u e l  t ank  pressure,  f u e l  i n t e r -  

face pressure, o x i d i z e r  i n t e r f a c e  pressure, o x i d i z e r  sump tank  q u a n t i t y ,  

fuel  sump tank q u a n t i t y ,  chamber pressure, o x i d i z e r  s to rage tank  q u a n t i t y ,  

and f u e l  storage tank q u a n t i t y ,  i n  t h a t  o rde r .  The f i r s t  s e t  o f  r e s i d u a l  

p l o t s  i s  f o r  the second burn ana lys i s ,  and t h e  second s e t  i s  f o r  t h e  t h i r d  

burn ana lys i s .  

s ince  t h e  storage tanks a re  empty a f t e r  c rossover .  

The f i g u r e s  rep resen t  v e h i c l e  

No s to rage tank q u a n t i t y  p l o t s  a r e  shown f o r  t h e  t h i r d  burn  

The f i l t e r e d  f l i g h t  

data i s  a l s o  inc luded on each p l o t .  

A s t rong  i n d i c a t i o n  o f  t he  v a l i d i t y  o f  t h e  a n a l y s i s  program s 

can be obtained by comparing the t h r u s t  a c c e l e r a t i o n  c a l c u l a t e d  i n  

18 
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s i m u l a t i o n  t o  t h a t  d e r i v e d  from the A p o l l o  Comnand Module Computer (CMC) 

AV data t r a n s m i t t e d  v i a  measurement C G O O O l V .  

t h r u s t  a c c e l e r a t i o n  d u r i n g  t h e  p o r t i o n  o f  t h e  burns analyzed, as de r i ved  

from the  CMC data, and t h e  res idua l  e r r o r  between t h e  CMC and program 

c a l c u l a t e d  values. The r e s i d u a l  e r r o r  t i m e  h i s t o r i e s  have e s s e n t i a l l y  

z e r o  means and l i t t l e ,  i f  any, d i s c e r n i b l e  t rends .  This  i n d i c a t e s  t h e  

s i m u l a t i o n s  a r e  r e l a t i v e l y  v a l i d ,  a1 though o t h e r  f a c t o r s  must a1 so be 

F igures  4 and14 show t h e  

cons idered i n  c r i t i q u i n g  them. 

As p r e v i o u s l y  discussed, the measured chamber p ressure  da ta  was ob- 

served t o  d r i f t  w i t h  burn t ime. Al though t h i s  d r i f t  was p a r t i a l l y  modeled 

from prev ious  SPS f l i g h t  analys is  r e s u l t s ,  t s t i l l  s i g n i f i c a n t l y  compro- 

mised the usefulness of t h i s  measurement as f a r  as d e t a i l e d  performance 

a n a l y s i s  was concerned. 

the  measured chamber pressure p r i o r  t o ,  and fo l l ow ing ,  t h e  e i g h t  SPS burns 

i n d i c a t e d  values ranging between -5  p s i  and +1.5 p s i ,  when i t  should have 

i n d i c a t e d  zero pressure.  

t h e  d r i f t  w i t h  t ime, t h i s  measurement was considered e s s e n t i a l l y  useless 

f o r  the d e t a i l e d  ana lys i s ,  where chamber pressure d i f f e r e n c e s  o f  l e s s  than 

1 p s i  a r e  s i g n i f i c a n t ,  and was t h e r e f o r e  n o t  used i n  the  s imu la t i ons .  The 

r e s i d u a l  e r r o r s  p l o t s ,  Figures 11 and 21, f o r  t h e  chamber p ressure  du r ing  

the second and t h i r d  burns a r e  i nc luded  f o r  i n f o r m a t i o n  o n l y .  

measured chamber pressure cou ld  n o t  be u t i l i z e d ,  t he  program's a b i l i t y  t o  

d i s t i n g u i s h  tank and i n t e r f a c e  pressure measurement e r r o r s  f rom e r r o r s  i n  

t h e  p r e f l i g h t  engine model (engine res i s tances ,  chamber c h a r a c t e r i s t i c  

v e l o c i t y ,  and s p e c i f i c  impulse) was somewhat diminished. 

Furthermore, on th s f l i g h t  i t  was observed t h a t  

Because o f  these i n c o n s i s t e n t  "zero s h i f t s " ,  and 

Because t h e  

I n  the s imu la t i ons  of bo th  burns i t  was assumed t h a t  t h e  measured f u e l  

Th i s  assumption was based on t h e  tank  pressure  data was b iased by -2 p s i .  
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d i f f e r e n c e s  between t h e  measured f u e l  tank  and fue l  i n t e r f a c e  pressures 

d u r i n g  coast  (see Review o f  SPS Operat ion) ,  and t h e  a n a l y s i s  r e s u l t s  appear 

t o  suppor t  t h i s  assumption. However, i t  i s  conceivable t h a t  t h e  measured 

' fue l  t a n k  pressure was c o r r e c t  and t h a t  t h e  measured f u e l  i n t e r f a c e  pres-  

sure was biased +2 p s i .  Because t h e  assumption concern ing t h e  f u e l  tank /  

f u e l  i n t e r f a c e  pressure b iases was r e l a t i v e l y  s i g n i f i c a n t ,  t h e  e f f e c t s  of 

making t h e  l a t t e r  assumption were i n v e s t i g a t e d  f o r  t h e  t h i r d  burn.  

s i m u l a t i o n  o f  t h e  t h i r d  burn  was made assuming t h e  measured fue l  tank pressure  

t o  be unbiased and assuming t h e  measured f u e l  i n t e r f a c e  pressure  t o  be b iased 

+2 p s i .  

n i f i c a n t l y  d i f f e r e n t  than shown i n  Table 6. 

the s p e c i f i c  impulse and m i x t u r e  r a t i o  were 0.4 seconds l e s s  and 0.01 g r e a t e r ,  

r e s p e c t i v e l y ,  than the  repor ted  simul a t i o n .  However, the sirnul a t i o n  i n  

ques t ion  r e q u i r e d  even l a r g e r  adjustments (-4% f o r  f u e l  and -2.27% f o r  o x i -  

d i z e r )  t o  the engine res is tances  than t h e  repor ted  s i m u l a t i o n .  

cluded, therefore,  t h a t  the  assumption about t h e  f u e l  t a n k  pressure  was 

reasonable, and even i f  wrong would n o t  g r e a t l y  a l t e r  t h e  conclus ions con- 

t a i n e d  i n  t h i s  r e p o r t .  

A 

The c a l c u l a t e d  f l i g h t  performance from t h e  s i m u l a t i o n  was n o t  s i g -  

The t h r u s t  was the  same and 

I t i s  con- 

Comparison w i th  P r e f l i g h t  Performance P r e d i c t i o n  

P r i o r  t o  t h e  A p o l l o  9 Miss ion  the  expected performance o f  t h e  SPS was 

presented i n  Reference 1. 

propel  1 a n t  feed/engi ne sys tem and, wherever poss i  b l e ,  u t i  1 i zed data  and 

c h a r a c t e r i s t i c s  f o r  t h e  s p e c i f i c  SPS hardware on t h i s  f l i g h t .  

Th is  performance p r e d i c t i o n  was f o r  t h e  i n t e g r a t e d  

The p r e d i c t e d  s teady-s ta te  t h r u s t ,  s p e c i f i c  impulse, and p r o p e l l a n t  

m i x t u r e  r a t i o  f o r  the second and t h i r d  burns are  shown i n  F i g u r e  3 versus 

t h e  t ime from i g n i t i o n  f o r  each burn. A lso  shown, f o r  comparison, a re  t h e  

corresponding a n a l y s i s  program c a l c u l a t e d  f l i g h t  performance h i s t o r i e s  f o r  
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I .  

. 

t h e  p o r t i o n s  of the two burns which were analyzed. 

and p r e v i o u s l y  i n  Tables 5 and 6, t h e  computed t h r u s t  and s p e c i f i c  impulse, 

were w i t h i n  the expected to le rances  throughout the burn segments analyzed. 

As shown i n  F igu re  3, 

The computed propel  l a n t  m ix tu re  r a t i o  throughout bo th  blrrn segments 

analyzed i s  seen i n  F igure  3 t o  be s i g n i f i c a n t l y  l e s s  (as much as 0.05) 

than p r e d i c t e d ,  and w e l l  ou ts ide  t h e  -3  sigma l i m i t s  presented i n  Reference 

1. 

p r o p e l l a n t  tank u l  lage pressures being d i f f e r e n t  than p red ic ted .  

i n  F igure  2 ,  throughout the burn segments analyzed, t he  o x i d i z e r  tank  

pressure  was g e n e r a l l y  l e s s  than p r e d i c t e d  by 1 t o  3 p s i ,  and t h e  f u e l  tank 

pressure  was g r e a t e r  than p r e d i c t e d  by 0.7 t o  2.0 p s i .  

i z e d  engine model ( i n f l u e n c e  c o e f f i c i e n t s )  a 1 p s i  r e d u c t i o n  i n  o x i d i z e r  

tank  pressure combined w i t h  a 1 p s i  i nc rease  i n  f u e l  tank  pressure  would, 

f o r  example, r e s u l t  i n  a reduc t i on  i n  m i x t u r e  r a t i o  o f  approx imate ly  .02. 

The p r e d i c t e d  tank pressures i n  Reference 1 were based, i n  p a r t ,  on 

The less - than -p red ic ted  m i x t u r e  r a t i o  r e s u l t e d ,  i n  p a r t ,  from t h e  

As shown 

Based on a l i n e a r -  

t he  CSM 104 hel ium r e g u l a t o r  acceptance t e s t  data. However, p r i o r  t o  f l i g h t  

the hel ium r e g u l a t o r  c o n t r o l l e r  s e c t i o n  stems were rep laced because of 

q u a l i t y  f a u l t s  found i n  s i m i l a r  stems. V a r i a t i o n s  i n  manufac tur ing  t o l e  

ances o f  these stems are be l i eved  t o  be such t h a t  the r e g u l a t e d  pressure  

w i t h  the new stems cou ld  have been s i g n i f i c a n t l y  d i f f e r e n t  than t h a t  dur  

the acceptance t e s t s .  A l s o ,  a t  the t ime t h a t  the analys is  i n  Reference 1 

ng 

was 

performed, the  hel ium check valve acceptance t e s t  AP (p ressure  drop) da ta  

f o r  the check valves on CSM 104 were n o t  a v a i l a b l e ,  and s p e c i f i c a t i o n  

values were used. 

between the p r e d i c t e d  and f l  i g h t  tank pressures.  

These f a c t o r s  p a r t i a l l y  account f o r  t he  d i f f e r e n c e s  

Past Block I1 SPS p r e d i c t i o n s ,  i n c l u d i n g  A p o l l o  9, have g e n e r a l l y  

shown the expected s teady-s ta te  o x i d i z e r  tank pressure t o  be about 2 p s i  
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g r e a t e r  than t h e  expected f u e l  tank  pressure.  The reason f o r  t h i s  p r e d i c -  

t e d  d i f fe rence between the  o x i d i z e r  and fue l  tank pressure  i s  t h a t  the  pre-  

sent  he l ium l i n e  res is tances  between the  r e g u l a t o r  and the  tanks are  s i g n i -  

. f i c a n t l y  d i f f e r e n t  f o r  t h e  o x i d i z e r  and fue l  s ide .  The present  values f o r  

the he l ium l i n e  res is tances  were f u r n i s h e d  by NR i n  Reference 4, and a r e  

b e l i e v e d  t o  have been determined t h e o r e t i c a l l y .  

(F igure  2)  f o r  t h e  second and t h i r d  burns showed o x i d i z e r  pressure l e s s  

than f u e l .  

pressure t o  be w i t h i n  1 p s i  o f  t h e  f u e l  tank  pressure.  I t  i s ,  t h e r e f o r e ,  

recommended t h a t  t h e  hel ium l i n e  res is tances  used f o r  f u t u r e  SPS p r e d i c t i o n s  

be re-evaluated t o  more accura te ly  p r e d i c t  f l i g h t  tank pressures.  

f u r t h e r  recommended t h a t  the  u n c e r t a i n t i e s  i n  the  hel ium l i n e  res is tances  

and check valve A P ' S  be i n c l u d e d  i n  the  SPS p r e f l i g h t  d ispers ions  a n a l y s i s .  

U n c e r t a i n t i e s  i n  he l ium r e g u l a t o r  o u t l e t  pressure were the  o n l y  d ispers ions  

considered i n  Reference 1 t h a t  s i g n i f i c a n t l y  a f f e c t  tank pressures.  Fur ther -  

more ¶ e r r o r s  i n  regu l  a t o r  o u t l e t  pressure e s s e n t i  a1 l y  change o x i  d i  zer  and 

f u e l  tank pressures the same amount, and t h e r e f o r e ,  have n e g l i g a b l e  e f f e c t  

on m i x t u r e  r a t i o .  The i n c l u s i o n  o f  t h e  u n c e r t a i n t i e s  i n  he l ium l i n e  r e s i s -  

tances and check va lve  A P ' s ,  which a f f e c t  o x i d i z e r  and f u e l  tank pressures 

independent ly,  should r e s u l t  i n  more r e a l i s t i c  m i x t u r e  r a t i o  d ispers ions .  

The computed tank pressures 

The A p o l l o  8 a n a l y s i s  (Reference 3 )  showed t h e  o x i d i z e r  tank 

I t  i s  

Al though the  engine t h r u s t  was w i t h i n  t h e  expected to le rances ,  i t  was 

g r e a t e r  than expected f o r  the  f l i g h t  tank pressures and p r o p e l l a n t  tempera- 

t u r e s ¶  as evidenced by g r e a t e r  than p r e d i c t e d  s tandard i n l e t  c o n d i t i o n s  

t h r u s t  (see Engine Performance a t  Standard I n l e t  Cond i t ions) .  I n  o r d e r  t o  

account f o r  the unexplained p o r t i o n  o f  t h e  decreased m i x t u r e  r a t i o  and t h e  

increased t h r u s t ,  the  engine r e s i s t a n c e s  were adjusted,  w i th  t h e  f u e l  r e s i s -  

tances decreasing approx imate ly  2.1% and t h e  o x i d i z e r  r e s i s t a n c e  decreasing 
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about 0.9%. 

expected to le rances  of + - 1.9% (3-sigma) used i n  t h e  p r e f l i g h t  d i s p e r s i o n  

a n a l y s i s  (Reference 1 ). 

t o  t h e  expected minus 3-sigma u n c e r t a i n t y  o f  -2.1%. 

The change requ i red  i n  t h e  o x i d i z e r  r e s i s t a n c e  was w i t h i n  the  

The f u e l  r e s i s t a n c e  change was approx imate ly  equal 

I t  i s  n o t  p o s s i b l e  t o  

determine from the  A p o l l o  9 f l i g h t  da ta  a lone whether these apparent r e s i s -  

tance e r r o r s  r e s u l t  f rom t h e  s t a t i s t i c a l  u n c e r t a i n t i e s  i n  t h e  ground t e s t  

data, sys temat ic  e r r o r s  (b iases)  i n  t h e  ground t e s t  data,  o r  a re  i n d i c a t i v e  

of some f l i g h t  r e l a t e d  phenomena n o t  p r e s e n t l y  modeled, such as p r o p e l l a n t  

he l ium absorp t ion  e f f e c t s .  

p o s t f l i g h t  a n a l y s i s  concentrate on t h i s  problem t o  determine whether t h e  

apparent r e s i s t a n c e  e r r o r s  occur c o n s i s t e n t l y  on SPS f l i g h t s .  

recommended t h a t  the SPS engine acceptance t e s t  i n s t r u m e n t a t i o n  and proce- 

dures be examined t o  determine whether a sys temat ic  ground t e s t  e r r o r ( s )  , 

such as a f lowmeter b ias ,  could e x i s t .  Al though t o  da te  no d e f i n i t e  pro-  

p e l l a n t  he l ium absorp t ion  performance e f f e c t s  have been i d e n t i f i e d  f o r  t h e  

SPS engine, i t  i s  recommended t h a t  any a v a i l a b l e  i n f o r m a t i o n  and/or t e s t  

data 

engines be eva lua ted  i n  r e l a t i o n  t o  t h e  f l i g h t  r e s u l t s  r e p o r t e d  here in .  

Therefore, i t  i s  recommended t h a t  the  A p o l l o  10 

I t  i s  f u r t h e r  

p e r t a i n i n g  t o  he l ium absorp t ion  e f f e c t s  on t h e  SPS, o r  s i m i l a r ,  

Engine Performance a t  Standard I n l e t  Cond i t ions  

The expected f l i g h t  performance o f  t h e  SPS engine was based on data 

ob ta ined d u r i n g  t h e  engine and i n j e c t o r  acceptance t e s t s .  

p r o v i d e  a common b a s i s  f o r  comparing engine performance, t h e  acceptance 

t e s t  performance i s  a d j u s t e d  t o  standard i n l e t  c o n d i t i o n s .  T h i s  a l l o w s  

a c t u a l  engine performance v a r i a t i o n s  t o  be separated f rom performance v a r i  - 

I n  order  t o  

- a t i o n s  which a r e  induced by feed-system, p r e s s u r i z a t i o n  system, and prope 

l a n t  temperature v a r i a t i o n s .  
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Engine f l i g h t  performance, a s  determined i n  the steady-state analysis,  

and corrected t o  standard in l e t  conditions, yielded essent ia l ly  identical  

resu l t s  for both the second and t h i r d  burns. The standard in l e t  conditions 

thrust, specific impulse,and propellant mixture r a t io  were 20728 pounds,  

313.9 seconds, and 1.587, respectively. 

0.3% greater,  and 0.6% l e s s ,  respectively, than the corresponding values 

computed from the engine model used in the pref l ight  prediction. 

f l i gh t  engine model was established from acceptance tes t  data, and the 

standard in le t  conditions performance values computed w i t h  i t  agree well 

with the values reported i n  the engine acceptance t e s t  log. 

These values a re  0.9% greater ,  

The pre- 

The f l igh t  standard 

the upper acceptance t e s t  

difference from predicted 

f 0.73% (3-sigma). The m 

n le t  conditions thrust was s l igh t ly  greater than 

specification l imi t  of 20705 pounds, and the 0.9% 

was greater than the expected tolerances of 

xture r a t io  difference was w i t h i n  the expected 

tolerances. The standard i n l e t  conditions performance values reported 

herein were calculated for  the following conditions: 

STANDARD INLET CONDITIONS 

Oxidizer interface pressure, psia 

Fuel interface pressure, psia 

Oxidizer interface temperature, O F  

Fuel interface temperature, O F  

Oxidizer density, 1 bm/ft 

Fuel density, 1 bm/ft 

Thrust acceleration, 1 bf/l bm 

Throat area ( i n i t i a l  value),  i n  

3 

3 

2 

162 

169 

70 

70 

90.15 

56.31 

1 .o 

121.602 
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Of primary concern i n  the f l i g h t  analysis of a l l  Block I 1  engines will 

be the ver i f icat ion of the present methods of extrapolating the specif ic  

impulse for  the actual f l i g h t  environment from data obtained d u r i n g  ground 

acceptance t e s t s  a t  sea level conditions. 

a1 t i tude  tes ted d u r i n g  the acceptance t e s t s ,  the expected specif ic  impulse 

Since the SPS engine i s  not 

i s  calculated from the data obtained i n ' t h e  injector  sea level acceptance 

t e s t s  u s i n g  conversion factors determined from AEDC qual i f icat ion tes t ing .  

As previously discussed, the standard i n l e t  conditions specif ic  impulse 

determined from analyses o f  the second and t h i r d  burns was 313.9 seconds. 

The predicted specific impulse a t  standard i n l e t  conditions, as extrapolated 

from the ground t e s t  data was 313.0 seconds. 

associated w i t h  t h i s  predicted value (Reference 1 )  were + - 1.59 seconds 

(3-sigma). 

Therefore, i t  i s  concluded t h a t  the present methods of extrapolating the 

expected f l i g h t  specific impulse from the ground t e s t  data were sat isfactory 

f o r  th i s  f l i g h t ,  and there is no evidence t o  warrant changing the methods 

f o r  future f l i gh t s .  

verified on each subsequent f l i g h t  

The expected tolerances 

The f l i g h t  value for both burns was well w i t h i n  these tolerances. 

The v a l i d i t y  of th i s  conclusion should be continually 
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6. PUGS EVALUATION AND PROPELLANT LOADING 

Propel  1 a n t  Loadi  ng 

The PUGS operated normal l y  d u r i n g  SPS prope l  1 a n t  1 oadi  ng. The o x i  d i  z e r  

tanks were loaded t o  a CM d i s p l a y  readout  of 89.15% a t  a tank pressure o f  

110 p s i a  and an o x i d i z e r  temperature of 70OF. 

111 p s i a  and 7OoF t o  a d i s p l a y  readout  of 89.25%. 

c a l c u l a t e d  from these data,  and p r o p e l l a n t  sample d e n s i t y  data,  are shown i n  

Table 7 i n  the 110 p s i a  column. 

177 p s i a  f o r  o x i d i z e r  and 175 p s i a  f o r  fue l  d u r i n g  t h e  l e a k  t e s t ,  the  CM 

d isp lays  read 88.83% f o r  o x i d i z e r  and 88.65% f o r  f u e l .  

readings i s  expected when the  tank p r e s s u r e s - a r e  increased because o f  tank 

s t r e t c h ;  however, the decreases observed were s l i g h t l y  g r e a t e r  than expected. 

The p r o p e l l a n t  masses computed from these readings are  i n c l u d e d  i n  Table 7 

under the  175 p s i a  column. The o x i d i z e r  and f u e l  masses computed from the  

readings taken a t  the f l i g h t  pressure were 21 lbm and 57 lbm l e s s ,  r e s p e c t i v e l y ,  

than those computed from t h e  readings taken a t  the  l o a d i n g  pressure.  

i s  no exp lanat ion  f o r  the  d i f f e r e n c e s  i n  t h e  masses computed a t  the  two 

pressures,  a l though i t  i s  p o s s i b l e  t h a t  the  tank s t r e t c h  e f f e c t s  p r e s e n t l y  

assumed are  somewhat i n  e r r o r .  

The f u e l  tanks were loaded a t  

The SPS p r o p e l l a n t  loads 

When t h e  tank pressures were increased t o  

A decrease i n  the  

There 

Dur ing ground checkout f u e l  p o i n t  sensors #7, #8, and #15 gave f a i l e d  

i n d i  c a t i o n s .  

PUGS Operat ion I n  F l i g h t  

The PUGS mode s e l e c t i o n  s w i t c h  was s e t  i n  the  ''normal" p o s i t i o n  f o r  t h e  

f i r s t  SPS maneuver, and the  PU va lve  was i n  t h e  "normal" p o s i t i o n .  Fol low-  

i n g  the  4.5-second l o c k o u t  p e r i o d  a f t e r  i g n i t i o n ,  t h e  f u e l  s to rage tank  T/M 

data i n d i c a t e d  a r a p i d  l e v e l  increase.  

a l s o  i n d i c a t e d  a l e v e l  increase.  

The o x i d i z e r  s torage tank  T/M data 

These da ta  i n d i c a t e  t h a t  the  p r o p e l l a n t  

26 



l e v e l s  i n s i d e  the  gaging s t i l l w e l l s  were n o t  s t a b i l i z e d  by 4.5-seconds 

a f t e r  i g n i t i o n .  Because o f  the low a c c e l e r a t i o n  l e v e l  (0.2 g )  r e s u l t i n g  

from the  l a r g e  spacecra f t  mass, and t h e  f a c t  t h a t  no RCS u l l a g e  maneuver was 

performed, i t  i s  b e l i e v e d  that the  c a p i l l a r y  and viscous e f f e c t s  i n s i d e  the  

gaging system s t i l l w e l l s  were more s i g n i f i c a n t  than exper ienced on prev ious  

f l i g h t s ,  o r  du r ing  ground t e s t i n g ,  and t h e r e f o r e  t h e  l e v e l s  r e q u i r e d  l onger  

t o  s t a b i l i z e .  

i t  i s  n o t  p o s s i b l e  t o  determine t h e  ampl i tude o r  frequency o f  t he  l e v e l  

o s c i l l a t i o n s .  The f i r s t  burn c u t o f f  occur red  5.2 seconds a f t e r  ign i t l ' on .  

The crew repor ted  an o x i d i z e r  d i s p l a y  q u a n t i t y  o f  89.2%, a f u e l  q u a n t i t y  

o f  93.7%, and t h a t  t he  unbalance meter was pegged i n  the  ' 'decrease" pos i -  

t i o n  f o l l o w i n g  the burn. The d i s p l a y  readings would g i v e  an unbalance o f  

about 1100 pounds, "decrease," which would peg t h e  unbalance meter, which 

reads between 600 lbm " increase" and 600 lbm "decrease." No SPS PU Sensor 

Because o f  t he  low PUGS T/M data  sample r a t e  (1  sample/second) 

Caut ion  and Warning (Caw)  l i g h t  a c t i v a t i o n  occur red  d u r i n g  t h e  f i r s t  burn  

because t h e  power t o  comparator u n i t s  i s  delayed f o r  approx imate ly  5.5 sec- 

onds f o l l o w i n g  i g n i t i o n .  

The second SPS maneuver was performed w i t h  t h e  PUGS i n  t h e  ' 'normal" 

mode. 

l i g h t  a c t i v a t e d  and t h a t  t h e  unbalance meter was c y c l i n g  over a l a r g e  

range, A t  t he  end of t h e  burn t h e  crew repor ted  a d i s p l a y e d  ox d i z e r  

q u a n t i t y  o f  69.25%, a fue l  q u a n t i t y  o f  69.4%, and an unbalance o f  30 lbm, 

"decrease." As p r e v i o u s l y  discussed t h e  l e v e l  o s c i l l a t i o n s  d u r i n g  t h e  

f i r s t  burn  caused the  i n d i c a t e d  q u a n t i t i e s  a t  i g n i t i o n  o f  t h e  second 

burn  t o  be approximately 89.2% oxidl 'zer and 93.7% fue l ,  and t f ie  unbalance 

meter  t o  be pegged i n  the  "decrease" p o s i t i o n .  I t  has been computed t h a t  

The crew r e p o r t e d  t h a t  s h o r t l y  a f t e r  i g n i t i o n  t h e  SPS PU Sensor C&W 
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0 
t h e  a c t u a l  quant i  t i e s  were approx imate ly  87.9% o x i d i z e r  and 87.7% f u e l .  

Therefore,  when the  l o c k o u t  p e r i o d  f o l l o w i n g  second burn  i g n i t i o n  ended, t h e  

i n d i c a t e d  q u a n t i t i e s ,  e s p e c i a l l y  the  fue l  , were s i g n i f i c a n t l y  d i f f e r e n t  from 

t h e  a c t u a l  q u a n t i t i e s .  The T/M data  showed t h a t  f o l l o w i n g  t h e  l o c k o u t  p e r i o d  

t h e  s to rage tank s t i l l w e l l  l e v e l s  d i d  n o t  s t a b i l i z e  u n t i l  20 t o  25 seconds 

a f t e r  i g n i t i o n .  These i n i t i a l  l e v e l  f l u c t u a t i o n s  a r e  a t t r i b u t e d  t o  t h e  

low-g/capi  1 lary and viscous e f f e c t s  discussed p r e v i o u s l y ,  and were t h e  cause 

of  t h e  unbalance meter  c y c l i n g  and the  C&W l i g h t  a c t i v a t i o n .  

The T/M data showed t h a t  a f t e r  about 25 seconds o f  burn t h e  s to rage 

tank l e v e l s  were decreasing a t  approx imate ly  a normal r a t e .  

the  burn the  T/M data  gave an o x i d i z e r  q u a n t i t y  o f  69.2% and a f u e l  q u a n t i t y  

o f  69.1%. 

values. The PUGS opera t ion  dur ing  t h e  second burn was normal. 

b i l i t y  o f  a h i g h  unbalance i n d i c a t i o n  near  i g n i t i o n  o f  t h e  second burn, 

because o f  the e f fec ts  noted d u r i n g  the  f i r s t  burn, was recognized and t h e  

crew was informed o f  t h e  p o s s i b i l i t y  p r i o r  t o  the burn.  

A t  the  end of 

These values agree e s s e n t i a l l y  w i t h  the  crew r e p o r t e d  CM d i s p l a y  

0 The poss i -  

The t h i r d  SPS maneuver commenced w i th  t h e  PUGS i n  the  ' 'normal" mode. 

The crew repor ted  t h a t  the SPS PU Sensor C&W l i g h t  was a c t i v a t e d  approx imate ly  

6 seconds f o l l o w i n g  i g n i t i o n .  

over  (s torage tank d e p l e t i o n )  had occurred, t h e  unbalance meter  went t o  

a lmost  f u l l  sca le on t h e  " inc rease"  s i d e  and t h e  C&W l i g h t  again a c t i v a t e d .  

I n  the  f o l l o w i n g  25 seconds, t h e  C&W l i g h t  a c t i v a t e d  f o u r  more t imes and t h e  

unbalance meter cont inued t o  show readings o f  o v e r  500 lbm, " inc rease. "  

approximately 123 seconds f o l l o w i n g  i g n i t i o n  t h e  crew moved t h e  PUGS mode 

s e l e c t i o n  swi tch  t o  t h e  " a u x i l i a r y "  p o s i t i o n .  Dur ing t h e  n e x t  65 seconds 

Approximately 90 seconds l a t e r ,  a f t e r  cross- 

A t  
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t h e  unbalance meter  read ing  was r e p o r t e d  t o  be f l u c t u a t i n g ,  and another  

C&W l i g h t  was a c t i v a t e d .  

t o  the  "normal" p o s i t i o n  about 188 seconds a f t e r  i g n i t i o n  and i t  remained 

i n  t h a t  p o s i t i o n  throughout  t h e  remainder o f  t h e  burn.  Another C&W l i g h t  

a c t i v a t i o n  occurred a t  190 seconds a f t e r  i g n i t i o n .  

crew r e p o r t e d  t h e  CM d i s p l a y  readouts as 23.1% f o r  o x i d i z e r ,  21.1% f o r  

fue l ,  and an unbalance meter  reading o f  500 lbm, " inc rease. "  

The crew r e t u r n e d  t h e  PUGS mode s e l e c t i o n  s w t i c h  

Fo l low ing  c u t o f f  t h e  

F igures 22 and 23 show t h e  T/M PUGS data f o r  t h e  t h i r d  burn.  F i g u r e  24 

shows the  i n d i c a t e d  unbalance a t  s e l e c t e d  t imes, as c a l c u l a t e d  from t h e  T/M 

data.  

t h e  CM d i s p l a y  unbalance h i s t o r y ,  w i t h i n  the T/M accuracy. 

F i g u r e  24 a re  t h e  t imes a t  which C&W l i g h t  a c t i v a t i o n s  were recorded. 

SPS P U  Sensor C&W l i g h t  w i l l  a c t i v a t e  whenever t h e  unbalance exceeds t h e  

c r i t i c a l  p r o p e l l a n t  unbalance l i m i t s .  The nominal c r i t i c a l  unbalance l i m i t s ,  

which a r e  f u n c t i o n s  o f  t h e  o x i d i z e r  q u a n t i t y  remaining, a r e  a l s o  shown i n  

F i g u r e  24. 

The i n d i c a t e d  unbalance h i s t o r y  shown i n  F i g u r e  24 should r e f l e c t  

A l s o  shown i n  

The 

As shown i n  F igure  24 ,  t h e  f i r s t  C&W l i g h t  a c t i v a t i o n  occur red  a t  6 

seconds a f t e r  i g n i t i o n  when an unbalance of g r e a t e r  than 700 lbm "decrease," 

was i n d i c a t e d .  F igures 22 and 23 show t h a t  t h i s  unbalance t r a n s i e n t  was 

caused by a h i g h  reading on the  f u e l  s to rage tank pr imary  probe. The h i g h  

read ing  on t h e  f u e l  probe i s  a t t r i b u t e d  t o  t h e  p r o p e l l a n t  l e v e l s  n o t  be ing 

s t a b i l i z e d  when the  l o c k o u t  p e r i o d  ended. 

i g n i t i o n  t h e  l e v e l s  had s t a b i l i z e d  and F igures  22 and 23 show normal s to rage 

t a n k  d e p l e t i o n  r a t e s .  

t o  crossover,  F i g u r e  24 shows no excess ive unbalance a f t e r  s t a b i l i z a t i o n ,  

u n t i l  f o l l o w i n g  crossover.  Fo l low ing  crossover,  t h e  i n d i c a t e d  unbalance is 

seen t o  inc rease r a p i d l y ,  exceeding t h e  " increase"  c r i t i c a l  p r o p e l l a n t  

A f t e r  about 25 seconds f o l l o w i n g  

A1 though the unbalance was i n c r e a s i n g  somewhat p r i o r  
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unbalance l i m i t ,  thereby i n i t i a t i n g  a C&W l i g h t  a c t i v a t i o n  approx imate ly  

95 seconds a f t e r  i g n i t i o n .  The i n d i c a t e d  unbalance apparent ly  f l u c t u a t e d  

about the  ' ' increase" c r i t i c a l  l i m i t  i n i t i a t i n g  f o u r  more C&W l i g h t  a c t i v a -  

. t i o n s .  

When t h e  PUGS i s  i n  e i t h e r  t h e  normal o r  p r imary  mode, t h e  d i s p l a y e d  

o x i d i z e r  and f u e l  t o t a l  q u a n t i t i e s  a re  ob ta ined by summing t h e  s to rage and 

sump tank  pr imary probe readings. The r a p i d  increase seen i n  t h e  

unbalance a f t e r  crossover was caused p r i m a r i l y  by t h e  o x i d i z e r  s to rage tank  

reading n o t  being zero a f t e r  crossover  as expected. 

t h e  o x i d i z e r  s torage tank reading decayed t o  about 0.2% a t  crossover ,  then 

increased t o  approx imate ly  1.9% d u r i n g  t h e  n e x t  15 seconds, then decreased 

s l i g h t l y  t o  about 1.7% b e f o r e  t h e  PUGS was swi tched t o  a u x i l i a r y .  The f u e l  

s to rage tank  probe reading was zero a f t e r  crossover ,  as expected. 

F igure  24 shows t h a t  

The 0.2% o x i d i z e r  s torage tank probe reading a t  d e p l e t i o n  i s  a t t r i b u t e d  

t o  the  f a c t  t h a t  t h e  probe i s  zero p o i n t  c a l i b r a t e d  a t  KSC w i t h  no o x i d i z e r  

i n  the  tank; i . e . ,  t h e  probe i s  c a l i b r a t e d  " d r y . "  

f l i g h t  some r e s i d u a l  o x i d i z e r  c l i n g s  t o  t h e  probe a f t e r  s to rage tank deple- 

t i o n  thereby g i v i n g  a p o s i t i v e  reading.  

on prev ious  f l i g h t s ,  a l though t h e  erroneous i n d i c a t i o n s  were l e s s  than ob- 

served on t h i s  f l i g h t .  

t h e  amount o f  p r o p e l l a n t  t h a t  c l i n g s  t o  t h e  probe thereby account ing f o r  t h e  

h i g h e r  va lue  on t h i s  f l i g h t .  

I t  i s  b e l i e v e d  t h a t  d u r i n g  

Th is  c o n d i t i o n  has been observed 

I t  i s  f e l t  t h a t  p o s s i b l y  the  low-g c o n d i t i o n  increases 

The increase o f  t h i s  0.2% reading t o  1.9% i s  a t t r i b u t e d  t o  the  charac- 

t e r i s t i c s  o f  the d i e l e c t r i c  compensator l o c a t e d  near  t h e  bottom o f  t h e  probe. 

The compensator, which i s  i n  a feed-back loop i n  the  PUGS c i r c u i t ,  i s  covered 

by o x i d i z e r  (wet)  i n  normal opera t ion .  C i r c u i t  a n a l y s i s  by t h e  PUGS manu- 

f a c t u r e r  has revealed t h a t  if t h e  compensator i s  n o t  comple te ly  covered by 



o x i d i z e r ,  the  probe o u t p u t  may be m a g n i f i e d  by a f a c t o r  o f  approx imate ly  

1O:l.  

o v e r  e v e n t u a l l y  " d r i e d "  i t  enough t o  cause t h e  observed i n c r e a s e  i n  t h e  

probe reading from 0.2% t o  1.9%. The 1.9% o x i d i z e r  s to rage tank  probe reading 

accounts f o r  approx imate ly  460 lbrn o f  t h e  i n d i c a t e d  unbalance, which when 

added t o  a sump tank unbalance o f  approx imate ly  200 lbm caused t h e  t o t a l  

i n d i c a t e d  unbalance t o  exceed the  ' ' increase"  c r i t i c a l  p r o p e l l a n t  unbalance 

l i m i t  and a c t i v a t e  the  C&W l i g h t  f i v e  t imes p r i o r  t o  t h e  t i m e  t h e  PUGS 

was swi tched t o  a u x i l i a r y .  

I t  i s  f e l t  t h a t  he l ium f l o w i n g  by t h e  compensator f o l l o w i n g  cross-  

A second f a c t o r  which a l s o  c o n t r i b u t e d  t o  t h e  s t e p  inc rease i n  t h e  

unbalance a f t e r  crossover  was t h a t  t h e  o x i d i z e r  l e v e l  i n  t h e  sump tank  was 

apparent ly  over  the  top  o f  sensing element o f  t h e  sump tank pr imary  probe. 

Dur ing the  f i r s t  two burns and t h i r d  burn  p r i o r  t o  crossover,  t h e  o x i d i z e r  

sump tank gage T/M data read 57.2% even though t h e  maximum gageable i s  57%. 

T h i s  meant t h a t  some o f  t h e  o x i d i z e r  i n  t h e  sump tank was ungageable p r i o r  

t o  crossover  and would e x p l a i n  why t h e  200 lbm sump tank  unbalance was n o t  

sensed p r i o r  t o  crossover,  i . e .  p r i o r  t o  crossover  t h e  unbalance was l e s s  than 

200 lbm increase.  

was above t h e  top  of  t h e  sump tank probe p r i o r  t o  crossover.  

t h a t  he l ium absorbed from t h e  sump tank u l l a g e  i n t o  t h e  o x i d i z e r  l i q u i d  

f rom the  t ime of  l o a d i n g  r e s u l t e d  i n  the  t r a n s f e r  o f  o x i d i z e r  from t h e  s t o r -  

age tank  t o  the  sump tank i n  o rder  t o  reduce the  sump tank  u l l a p  volume by 

t h e  amount necessary t o  m a i n t a i n  a p ressure  balance between t h e  tanks. 

l y t i c a l  c a l c u l a t i o n s  v e r i f y  t h a t  t h i s  mechanism o f  t r a n s f e r  i s  f e a s i b l e  and 

c o u l d  r e s u l t  i n  a f i n a l  o x i d i z e r  l e v e l  which i s  above t h e  maximum gageable 

i n  t h e  sump tank. 

I t  i s  est imated t h a t  approx imate ly  100 lbm o f  o x i d i z e r  

I t  i s  b e l i e v e d  

Ana- 

When t h e  PUGS was swi tched t o  the a u x i l i a r y  mode, t h e  i n d i c a t e d  unbalance 
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immediate ly  changed t o  approx imate ly  50 I b  "decrease. 'I 

mode, the  t o t a l  o x i d i z e r  and fue l  q u a n t i t i e s  f o r  t h e  CM d i s p l a y s  a r e  taken 

from the a u x i l i a r y  ( p o i n t  sensor)  gaging system. 

the  a u x i l i a r y  gaging system T/M data. 

o x i d i z e r  and f u e l  readings a t  approx imate ly  136 and 143 seconds a f t e r  i g n i t i o n ,  

r e s p e c t i v e l y ,  a re  the  r e s e t s  caused by uncovery o f  f u e l  p o i n t  sensor #9 and 

o x i d i z e r  p o i n t  sensor #9, r e s p e c t i v e l y .  The i n o r d i n a t e l y  l a r g e  change 

(approximately 2.5%) i n  the  f u e l  a u x i l i a r y  reading a t  the  uncovery o f  p o i n t  

sensor #9 i s  a t t r i b u t e d  t o  p o i n t  sensors #7 and #8 f a i l i n g  t o  i n i t i a t e  re -  

se ts ,  and t o  t h e  f a c t  t h a t  the  p r e s e t  i n t e g r a t i o n  r a t e  between p o i n t  sensors 

i s  approx imate ly  10% lower  than the  a c t u a l  f l o w r a t e .  

f u e l  p o i n t  sensor #7 and #8 f a i l e d  t o  g i v e  proper  i n d i c a t i o n s  on the  ACE 

(ground d i s p l a y s ) .  

The PUGS l o g i c ,  however, w i l l  n o t  a l l o w  a r e s e t  a t  p o i n t  sensor #9 unless 

b o t h  #7 and #8 are uncovered. Therefore,  s i n c e  t h e  r e s e t  a t  #9 was so 

l a r g e  i t  i s  concluded t h a t  p robab ly  #7 and #8 were f a i l e d  i n  t h e  "uncovered" 

p o s i  triion. 

When i n  t h e  a u x i l i a r y  

F igures 22 and 23 show 

The s tep  changes i n  t h e  a u x i l i a r y  

Dur ing load ing ,  bo th  

However, the  e x a c t  f a i l u r e  mode cou ld  n o t  be determined. 

The t i m e  d i f f e r e n c e  between the  uncovery o f  the  o x i d i z e r  and f u e l  #9 

p o i n t  sensors ( t h e  o x i d i z e r  was approx imate ly  7 seconds l a t e r  than the  f u e l )  

conf i rms t h a t  t h e r e  was an unbalance i n  the  sump tanks, w i t h  t h e  o x i d i z e r  

q u a n t i t y  being approx imate ly  1.0% g r e a t e r  than t h e  f u e l .  

When the f u e l  p o i n t  sensor #10 uncovered the  r e s e t  caused t h e  i n d i c a t e d  

unbalance t o  exceed the c r i t i c a l  p r o p e l l a n t  unbalance l i m i t  and the  C&W 

l i g h t  was again a c t i v a t e d  a t  approx imate ly  174 seconds a f t e r  i g n i t i o n .  

the  PUGS was swi tched back t o  the  normal mode, t h e  unbalance again exceeded 

the c r i t i c a l  l i m i t  because o f  the  erroneous o x i d i z e r  s to rage tank  reading 

and the e i g h t h  C&W l i g h t  a c t i v a t i o n  occurred.  

When 



Because of t h e  unexpected PUGS o p e r a t i o n  d u r i n g  t h e  t h i r d  burn  t h e  PUGS 

was i n a c t i v a t e d  f o r  t he  f o u r t h ,  f i f th ,  and s i x t h  SPS maneuvers. A PUGS 

s e l f - t e s t  (engine o f f )  t e s t  a t  approximately 125 h r s  GET i n d i c a t e d  s a t i s -  

f a c t o r y  o p e r a t i o n  o f  a l l  servo loops and t h e  c a u t i o n  and warning system. 

The PUGS was a c t i v a t e d  f o r  t h e  seventh SPS maneuver, w i t h  t h e  PUGS mode 

s e l e c t i o n  s w i t c h  s e t  i n  t h e  "pr imary" p o s i t i o n .  

o x i d i z e r  i n d i c a t e d  q u a n t i t y  was ad jus ted  t o  10.8% us ing  t h e  t e s t  2 sw i t ch .  

The r e s u l t i n g  i n d i c a t e d  f u e l  q u a n t i t y  was 15.4% because o f  t h e  d i f f e r e n c e s  

i n  t h e  p rese t  o x i d i z e r  and f u e l  s l e w  r a t e s  when u s i n g  t h e  t e s t  2 sw i t ch .  

A s  expected, a C&W l i g h t  a c t i v a t i o n  occur red  f o l l o w i n g  i g n i t i o n  o f  t h e  

seventh burn. The T/M data showed t h a t  t h e  erroneous o x i d i z e r  s to rage 

tank  probe read ing  was s t i l l  present, and was 2.5 t o  3.0% th roughout  t h e  

seventh burn.  

showed approx imate ly  2.2% (530 lbm) more o x i d i z e r  on board than  f u e l ,  

i n d i c a t i n g  t h a t  t h e  average m ix tu re  r a t i o  f o r  t h e  f i r s t  seven burns was 

about 2.5% l e s s  than  the  nominal 1.6. 

P r i o r  t o  t h e  burn  t h e  

A t  t h e  end o f  t h e  burn t h e  i n d i c a t e d  sump tank  unbalance 
0 

I n  sumnary, i t  i s  concluded t h a t  t he  PUGS o p e r a t i o n  throughout the  

m iss ion  was s a t i s f a c t o r y  and as expected, w i t h  t h e  excep t ion  o f  t h e  

erroneous o x i d i z e r  storage t a n k  readings and t h e  excessive l e v e l  s t a b i l i -  

z a t i o n  t imes.  The PUGS w i l l  be disconnected from the  Caut ion  and Warning 

panel on f u t u r e  f l i g h t s .  The unbalance meter w i l l  s t i l l  i n d i c a t e  t h e  

measured unbalance; however, t h e  crews w i l l  be i n s t r u c t e d  t o  a l l o w  s u f f i c i e n t  

t ime  (20 t o  30 seconds) f o l l o w i n g  i g n i t i o n  f o r  t h e  read ings  t o  s t a b i l i z e  

b e f o r e  making any d e c i s i o n  on PU va lve p o s i t i o n  changes. 

The erroneous o x i d i z e r  storage tank  read ings  caused b y  t h e  c l i n g i n g  

p r o p e l l a n t  and d r y i n g  d i e l e c t i c  compensator w i l l  be precluded by purpose ly  

c a l i b r a t i n g  t h e  zero  p o i n t  of t h e  probe t o  -0.4%. Al though t h i s  may r e s u l t  
0 
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i n  a small error  when the storage tank has oxidizer i n  i t ,  i t  Will prevent 

errors  of the 1.9 t o  3.0% magnitud? observed on this  f l i g h t .  

Prior t o  crossover i t  appeared t h a t  the oxidizer sump tank level was 

‘above the t o p  of the sump tank primary probe, result ing i n  approximately 

100 lbm of oxidizer b e i n g  ungageable u n t i l  a f t e r  crossover. 

was attr ibuted t o  the t ransfer  of oxidizer from the storage tank to  the sump 

tank because of helium absorption i n  the sump tank d u r i n g  the time from 

propellant loading t o  the f i r s t  SPS burn .  Analytical calculations verify 

tha t  such t ransfer  will occur, although the exact amount depends on several 

variables such as the i n i t i a l  loads, the ullage pressure, and the percent 

saturation assumed. Therefore, i t  i s  reasonable to  expect th i s  oxidizer 

t ransfer  on subsequent f l i gh t s  and t o  expect an e r ror  i n  both the  indicated 

oxidizer quantity and propellant unbalance pr ior  t o  crossover. 

position change c r i t e r i a  t o  be used on G Mission, and subs, a r e  being re- 

viewed to  determine how t o  best account for  these e r rors .  

This condition 

The PU valve 



7. PRESSURIZATION SYSTEM EVALUATION 

Operation of the helium pressurization system was sa t i s fac tory  without 

any indication of leakage. 

ullage pressures indicated nominal helium usage f o r  the e i g h t  SPS maneuvers. 

The helium supply pressure and the propellant 

The propellant tanks were pressurized t o  measured values of 179 psia 

for the oxidizer and 177 psia for the fuel several days prior t o  launch. 

As discussed previously, the fuel tank measurement was believed to  be biased 

a b o u t  -2 psi .  

and a t  l i f t o f f  the measured tank pressures ;ere 180 psia for  oxidizer and 

178 psia fo r  fuel.  Prior t o  launch of the Apollo 8 Mission, the oxidizer 

t a n k  pressure increased approximately 9 psi becuase o f  heat i n p u t  from the 

fuel cel l  heaters located in the t o p  of Sector 4. Higher service module 

gaseous purge flowrates were employed on Apollo 9 which reduced the oxidizer 

t a n k  pressure increase prior t o  launch by reducing the heat i n p u t  t o  the 

ullage. 

There was l i t t l e  change i n  the t a n k  pressures prior t o  launch, 

During the launch phase and coast period t o  the f i r s t  SPS b u r n ,  the 

measured oxidizer and  fuel t a n k  pressures b o t h  decayed to  approximately 175 

psia ,  and were therefore relatively close the expected value of 178 psia 

a t  ignit ion of the f i r s t  SPS f i r ing.  

D u r i n g  the coast following the second SPS b u r n ,  the measured oxidizer 

t a n k  pressure increased approximately 6 ps i a  and was approximately 182-183 

psia a t  ignit ion of the third SPS burn .  

increase was observed following the LOI-1 bu rn  d u r i n g  the Apollo 8 Mission. 

These increases occur following burns where there i s  a s ign i f icant  percentage 

A s imilar ,  although larger  (11 p s i a ) ,  

I 
~ increase i n  ullage volume ( the f i r s t  long duration b u r n  of a fu l ly  loaded 
I 

SPS),  and are a t t r ibuted t o  propellant vapor resaturation and temperature 

recovery of the ullage. 



8. ENGINE TRANSIENT ANALYSIS 

A summary o f  the s t a r t  and shutdown t r a n s i e n t  performance da ta  f o r  

No impulse o r  t r a n s i e n t  t h e  e i g h t  SPS f i r i n g s  i s  presented i n  Table 8. 

t ime values were c a l c u l a t e d  f o r  t h e  s i x t h  burn because t h e  s h o r t  d u r a t i o n  

o f  t h e  burn  (1.4 seconds) prec luded a good de terminat ion  o f  t h e  steady- 

s t a t e  chamber pressure upon which t o  base such c a l c u l a t i o n s .  

t imes f o r  both s t a r t  and shutdown on a l l  t h e  seven burns analyzed were 

w i t h i n  t h e i r  r e s p e c t i v e  s p e c i f i c a t i o n  1 i m i  t s .  

computed f o r  t h e  f i f t h  and seventh burns were g r e a t e r  than t h e  upper speci -  

f i c a t i o n  l i m i t  o f  700 l b f - s e c  by 24 l b f - s e c  and 291 l b f - s e c ,  r e s p e c t i v e l y ,  

and, as seen i n  Table 8, t h e  v a r i a b i l i t y  o f  the  s t a r t  impulse values ex- 

ceeded t h e  s p e c i f i e d  run- to - run  to le rances  of t - 200 l b f - s e c .  

good agreement between the  t imes from i g n i t i o n  t o  90% t h r u s t  on each burn 

i n d i c a t e s  c o n s i s t e n t  performance. The computed shutdown impulse values 

were w i t h i n  the s p e c i f i e d  l i m i t s  f o r  each o f  t h e  seven burns presented. 

The shutdown impulse v a r i a b i l i t y  between t h e  burns , however, was g r e a t e r  

than the  s p e c i f i e d  run- to - run  to le rances  of + - 500 l b f - s e c .  The t imes from 

FS-2 t o  10% t h r u s t ,  however, showed c o n s i s t e n t  shutdown t r a n s i e n t  perform- 

ance. 

n o t  a1 1 w i  t h i n  the  speci  f i  ed engi  ne-to-engi  ne o r  run- to - run  t o 1  erances i s  

n o t  considered s i g n i f i c a n t  because o f  t h e  inaccurac ies  assoc ia ted  w i t h  com- 

p u t i n g  these values from t h e  n o i s y  f l i g h t  chamber p ressure  data,  and because 

the  t r a n s i e n t  t ime values were a l l  s a t i s f a c t o r y .  

The t r a n s i e n t  

The s t a r t  impulse Val ues 

However, t h e  

The f a c t  t h a t  t h e  computed s t a r t  and shutdown impulse values were 

The engine was s t a r t e d  i n  the  s i n g l e  bore mode (engine v a l v e  bank A )  

The chamber p ressure  overshoot  values are conta ined i n  on a l l  maneuvers. 

Table 8 and were l e s s  than t h e  s p e c i f i e d  maximum o f  120% on a l l  e i g h t  

s t a r t s .  On a l l  b u t  the  f i r s t  and s i x t h  burns,  t h e  remaining bore  (engine 
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v a l v e  bank B )  was opened 3 t o  4 seconds a f t e r  i g n i t i o n .  

The f i r s t  and s i x t h  burns were conducted complete ly  i n  t h e  s i n g l e  

bore  mode. 

GN2 System A was pressur ized  t o  2480 p s i a  a t  68'F, and System B was pres-  

s u r i z e d  t o  2460 p s i a  a t  68°F dur ing  pre- launch s e r v i c i n g .  

e i g h t h  burn t h e  T/M da ta  i n d i c a t e d  t h a t  t h e  System A pressure  was 1950 p s i a  

and t h a t  the System B pressure was 2050 p s i a .  There were e i g h t  burns which 

u t i l i z e d  System A f o r  an i n d i c a t e d  average usage o f  approx imate ly  67 p s i  

p e r  burn. 

usage of approx imate ly  68 p s i  per  f i r i n g .  

The GNZ a c t u a t i o n  system pressures i n d i c a t e d  s a t i s f a c t o r y  usage. 

F o l l o w i n g  t h e  

System B was u t i l i z e d  on s i x  burns f o r  an i n d i c a t e d  average 
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9. SPS THERMAL CONTROL 

A l l  Serv ice  P ropu ls ion  System temperatures remained w i t h i n  t h e i r  red- 

l i n e  l i m i t s  throughout the miss ion .  

du r ing  t h e  f l i g h t  as engine and system l i n e  temperatures and the  engine 

b i p r o p e l  1 a n t  Val ve temperature were mai n t a i  ned we1 1 w i t h i n  t h e i r  1 i m i  t s  

us ing o n l y  passive thermal c o n t r o l .  The engine i n j e c t o r  f l ange  temperature 

du r ing  a l l  SPS f i r i n g s  was we17 below the 480°F r e d l i n e  l i m i t .  

mum and minimum temperatures ob ta ined  from t h e  f l i g h t  da ta  a re  conta ined 

i n  Table 9 .  

No SPS hea te r  ope ra t i on  was r e q u i r e d  

The maxi- 
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TABLE 2 

CSM 104 SPS ENGINE AND FEED SYSTEM CHARACTERISTICS 

Engine No. 

I n j e c t o r  No. 

Chamber No. 

I n i t i a l  Chamber Thro t Ar ( in. ')  

O x i d i z e r  Engine Feed l ine  Resistance 
( l b f - sec  2 / l b m - f t  5 ) 

( l b f - sec  2 /lb,-ft 5 ) 

( 1  bf-sec 2 /1 b,-ft 5 ) 

( l b f - sec  2 /lb,,,-ft 5 ) 

Fuel Engi ne Feedl i ne Resistance 

Oxi d i  zer  Sys tern Feedl i ne Res i stance 

Fuel Sys tern Feedl i ne Resi stance 

C h a r a c t e r i s t i c  Equat ion f o r  C*: 

62 

120 

346 

121 .6021 

488.7 

872.5 

97.72 

36.02 

- 
c* = c* + 870.5 (MR - 1.6) - 273.83 (t4R' - 2.56) - 0.31878 (Pc - S.C. 

99) + 12.953 (TP - 70) - 0.07414 (TP2 - 4900) - 5.466 (MR TP 

- 112) + 0.03119 (MR -TP2 - 7840.); where C x S B c  (Engine No. 

62) = 5934.3 f t / s e c  

C h a r a c t e r i s t i c  Equat ion f o r  Isp: 

= I  - 96.954 (1.6 - MR) - 0.0487 (99-Pc) - 0.06276 (70 - I S P  SPvac 
2 TP) + 30.409 (2.56 - MR2) + 0.0004483 (4900 - TP ) ;  where 

I (Engine No. 62) = 313.0 lb f -sec/ lbm 

"vat 
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TABLE 5 

SERVICE PROPULSION SYSTEM STEADY -STATE PERFORFIANCE 

Predicted Me as u re d 

S E C O N D  SPS BURN 

Calculated 
PARAMETER 

Oxidizer Tank  
Pressure , psia 

Fuel Tank 
Pressure, psia 

Oxidizer Inter- 
face Pressure , 
psia 

Fuel Interface 
Pressure, psia 

Engine Chamber 
Pressure , psia 

Oxidizer F 1  ow- 
ra te  , l bm/sec 

Fuel Flowrate, 
lbm/sec 

Propellant 
Mixture Ratio 

Vacuum Specific 
Impulse, sec 

Vacuum Thrust , 
lbf 

INSTRUMENTED 

176 

174 

162 

170 

100 

40.4 

25.5 

1.59 

313.0 

20626 

174 

173 

158 

170 

101 

DER1 V E D  

173 

175 

161 

171 

100 

40.2 

25.9 

1.55 

313.9 

20764 

( 1 )  Predicted values from Reference 1 
( 2 )  Calculated values from Propulsion Analysis Program 
( 3 )  Measured d a t a  are as recorded and are not corrected fo r  biases and er rors  

discussed in text .  
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TABLE 6 

SERVICE PROPULSION SYSTEM STEADY-STATE PERFORMANCE 

Predic ted 

T H I R D  SPS BURN 

Measured Calculated PARAMETER 

Oxid izer  Tank 
Pressure, ps ia  

Fuel Tank 
Pressure, ps ia  

Oxi d i  zer I n t e r -  
face Pressure, p s i a  

Fuel I n t e r -  
face Pressure, 
p s i a  

Engine Chamber 
Pressure, p s i a  

Oxid izer  Flow- 
r a t e  , 1 bm/sec 

Fuel Flow- 
ra te ,  1 bm/sec 

P rope l l an t  
Mix ture Rat io 

Vacuum Spec i f i c  
Impulse, sec 

Vacuum Thrust, 
l b f  

I N ST RUM ENT E D 

177 

175 

165 

172 

102 

176 

175 

162 

173 

104 

DER1 VED 

41.1 

25.6 

1.60 

313.1 - 20885 

175 

176 

164 

174 

102 

40.7 

26.2 

1.55 

313.9 

21011 

NOTES : 

(1 )  
(2 )  

Predic ted values from Reference 1 
Calculated values from Propulsion Analysis Program 

( 3 )  Measured data are as recorded and are n o t  corrected f o r  biases and 
e r r o r s  discussed i n  tex t .  0 
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TABLE 7 
SPS PROPELLANT LOADING DATA 

~ ~- ~~ 

P ROP ELL ANT 

Ox id izera  

Fue l  a 

T o t a l  a 

T o t a l  Mass Loaded (lbm) 

b 110 p s i a  

22247 

13939 

361 86 

175 p s i a  

22226 

13882 

361 08 

Analys is '  
Resul t s  

221 43 

13844 

35987 

aIncludes gageable, ungageable, and vapor loaded q u a n t i t i e s .  

bLoad repor ted  by KSC i n  Spacecra f t  Opera t iona l  Data Book. 

'Loads based on e x t r a p o l a t i o n  o f  second burn a n a l y s i s  r e s u l t s .  
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